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Industrial gas turbine blades are typically made from coated Ni-based superalloys for 
power generation plant. The operation environments for these blades are very aggressive, 
comprising high temperatures (> 900°C) and potential chemical contaminants leading to 
oxidation and corrosion. An MCrAlX (where M is Ni and/or Co) coating is usually 
applied directly on the top of the alloy surface and forms an oxide scale (typically 
alumina) that can protect the substrate against further oxidation. However, it is widely 
accepted that the current generation of MCrAlX coatings only provide limited protection 
and need significant improvement. 
The MCrAlX coatings are usually applied by using either low pressure plasma spraying 
(LPPS) or an HVOF spraying process is increasingly used to deposit MCrAlX coatings 
onto gas turbine blades as an alternative method, which is more economically efficient. 
The main aim of this project is to design a new composition MCrAlX coating for 
oxidation resistant applications as well as to demonstrate the compatibility of the HVOF 
method to the LPPS process. 
A detailed experimental study of typical commercial MCrAlX coatings was carried out, 
this included the examination of the as-received powder particles before spraying and 
partially and fully melted powder particles captured during the HVOF spraying process, 
through to the as-sprayed and finally the fully aged coating prior to entry into service. It 
has been shown that as-manufactured powders consist of dendritic structures. Powder 
particles were found to be deformed differently after the HVOF spraying process, and 
dendritic structures were only observed on the barely deformed particle surface and the 
average grain size within these differently deformed particles decreased as the 
deformation degree increases. Yttrium (Y) was found at the outer surface and internal 
boundaries within the powder particles both before and after the spraying process. 
Vacuum ageing homogenised the microstructure within the as-sprayed coating, and the 
phases started coarsening upon further ageing in the air, and a β depletion zone formed 
beneath the coating surface after a short term air ageing. 
ABSTRACT 
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A set of six coatings with very similar compositions sprayed either by LPPS or HVOF 
methods have been examined in three different ageing conditions: the as-received 
condition, and after short and long term ageing at high temperature, to determine the 
differences between the LPPS and HVOF spraying method and their effects on coated 
systems. The general microstructural evolution upon ageing for both LPPS and HVOF 
sprayed coatings were found to be similar to each other. Before pre-service heat 
treatments, the HVOF as-sprayed coating contained a lot of poorly melted particles, and 
pores were found around the splats, enriched in Y and O. The pre-service treatment 
carried out after the LPPS spraying process decreased the porosity level of the coating 
and promoted a fine grain structure across the coating. Upon ageing, the grain size and 
inter-diffusion zone (IDZ) were much bigger in the long-term aged HVOF coating than in 
the LPPS coating. Y was found to diffuse both outwards to the sub-surface and into the 
oxide scale, and into the IDZ area. It was typically associated with O, even in the as-
sprayed coating. After ageing, Y-containing particles were found to grow and merge 
together in the sub-surface area whereas they only grew in size, rather than coalescing in 
the IDZ area. However, there were some differences in the particles found in the LPPS 
and HVOF sprayed coatings including particle morphology, distribution and the exact 
nature of the phase. 
Three new compositions of MCrAlX coatings were developed based on a systematic 
study of current coatings which including coating failure mechanisms, typical mechanical 
properties (Coefficient of Thermal Expansion, CTE and Ductile Brittle Transition 
Temperature, DBTT) and coating composition studies. A new algorithm for CTE 
calculation for coatings has also been developed. Coatings with these new compositions 
were subsequently produced by a commercial powder manufacturer and then sprayed 
onto CMSX4 substrates using an HVOF spray gun. Theses coatings were found to consist 
of a similar microstructure to that within the Praxair powders. There was no clear 
correlation between the oxide scale thicknesses with the addition of TBC. However, after 
3,000 hours ageing at 1000°C, the TBC was found to spall off from coating C that 
contained 6 wt.% of Ta. Results suggested that the other two coatings retain a moderate 
amount of the beta phase after 10,000 hours ageing at 880°C. 
This project has established an understanding of current MCrAlX coatings in terms of 
microstructural evolution before and throughout the spraying process. In addition, an 
extensive study focused on the LPPS and HVOF sprayed coatings was carried out and it 
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has been demonstrated there is no significant difference between these two spraying 
processes. A least two of the three coatings designed in this project have shown potential 
for application in gas turbine blades. 
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1.1 Background to the Project 
In the interest of sustainability, efforts are being made worldwide to increase the 
efficiency and work output of power generation systems [1]. Increasing the temperature at 
which the turbine blades can be used in land-based power generation stations, and 
extending the service life of these turbine blades can improve the power generation 
efficiency. 
Gas turbine blades are operating in aggressive environment and experiencing mechanical 
stresses, high temperatures (typically at ~ 900°C) and chemical contaminations from 
sulphur (S), oxygen (O) and nitrogen (N). Therefore, the materials used for turbine blades 
in power plant should be able to withstand high temperatures (close their melting 
temperature); have a good creep resistance over an extended period of time; good 
microstructural stability and tolerance of the severe operating environment [2]. Further 
requirements are also important such as oxidation and corrosion resistance, tensile and 
fatigue strength, and toughness [1]. Ni-based superalloys are now commonly used for gas 
turbine blades in power generation engines due to their excellent capability of 
withstanding both high temperatures and mechanical loads. 
Coating systems are also applied to provide additional corrosion and oxidation resistance 
for the substrate alloy which can increase the service life and operation efficiency. In this 
project, attention is focused on MCrAlX coatings. An MCrAlX coating is applied directly 
onto the substrate to provide corrosion/oxidation protection. The MCrAlX coatings 
typically consist of a two phase microstructure of β (NiAl) and γ (Ni). As the amount of 
Al in the system decreases as the result of both oxidation at the outer surface and 
diffusion into the substrate at the interface between the coating and the substrate, the β 
phase tends to dissolve; therefore the coating life is often measured in terms of depletion 
of the β phase. The presence of γ phase increases the ductility of the coating thereby 
improving thermal fatigue resistance [3]. A thermal barrier coating (TBC) is a ceramic-
based coating that is usually applied on the top of the MCrAlX coating; yttria stabilised 
zirconia (YSZ) is the most common one that is used on gas turbine blades. The thermal 
barrier coating protects the substrate from high temperature conditions, due to the low 
CHAPTER 1. INTRODUCTION 
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thermal conductivity; however it is almost ‘O transparent’, and therefore does not provide 
any additional oxidation resistance. 
This PhD project was a part of the EPSRC Supergen Phase II programme which aimed to 
optimise the performance and cost-effectiveness of MCrAlX coatings used on gas turbine 
blades/vanes for power generation, by developing new compositions and more 
economical methods of applying them. MCrAlX coatings are usually applied on the Ni-
based substrate by low pressure plasma spraying (LPPS) process, however, the capital 
cost of LPPS spraying process is much higher than that of HVOF method, therefore, 
MCrAlX coatings are increasingly sprayed by a high velocity oxygen fuel (HVOF) 
spraying process. It is known that the performance of the final coatings is process 
dependent, and therefore to improve the performance and service life of existing MCrAlX 
coatings, research has to be undertaken to find out how the microstructures of coating 
powders changes at the early deposition stage, and follow through during process heat 
treatment and service. This study can also be useful in the further development of new 
composition coatings and more economical methods of applying them. 
1.2 Aims and Objectives 
The aim of this project was to develop new oxidation resistant MCrAlX coatings for 
power generation gas turbines in order to improve service life. A secondary objective was 
to demonstrate the application of using HVOF thermal spraying as a process for these 
coatings to replace the more expensive conventional LPPS route, working in 
collaboration with Nottingham University.  
In order to establish a better understanding of this project, a literature review was carried 
out and is presented in Chapter 2. The literature relevant to Ni-based superalloys 
including its development history, major phases/microstructure and element addition 
effects are generally reviewed. The focus of the literature review is the service conditions 
of industrial gas turbine blades and coating systems applied to gas turbine blades. 
Chapter 3 presents details of the materials examined in this project and reviews the 
experimental methodologies used. Thermodynamic equilibrium calculations have been 
used during this project to predict the amount and chemical composition of the phases 
that will occur within the material at equilibrium as a function of temperature, which in 
turn helps in preliminary phase identification. The majority of the microstructural 
investigation was carried out using a combination of advanced characterisation 
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techniques. Field emission gun scanning electron microscopy (FEG-SEM) was used to 
obtain an overview of the sample microstructures. Electron backscatter diffraction (EBSD) 
was also used to characterise the grain structures and discriminate the phases present 
within coated systems. A dual beam electron beam/focused ion beam (FIB) workstation 
was used to extract site-specific samples for detailed examination such as higher 
resolution characterisation of microstructural features and chemical composition 
determination, which was carried out in the transmission electron microscope (TEM) 
combined with the use of energy dispersive X-ray (EDX) analysis technique. Finally, a 
combined thermodynamic and diffusion model was used to predict the chemical 
composition and phases within differently aged samples, and a comparison between the 
prediction and experimental results has been carried out to gain a better understanding of 
the microstructural evolution of coatings as a function of temperature and time. 
Chapter 4 presents the study of selected commercial coatings (both as-received powder 
and sprayed coatings) that are commonly used on gas turbine blades in power generation 
plant. Firstly, thermodynamic modelling has been utilised to predict the amount and 
chemical composition of the phases occurring at equilibrium within the as-received 
powders, followed by the microstructural characterisation of these powders before the 
spraying process, and splashed particles through the deposition stages and fully processed 
free-standing coatings at different heat treatment stages. The microstructure evolution of 
the commercial coatings is discussed with special attention to chemical distribution and 
phases present within the powders and coatings.  
Chapter 5 discusses the work which has been carried out on two sets of coated systems, 
which were sprayed by both HVOF and LPPS methods, and each set of samples 
comprised three different ageing conditions. A detailed experimental study has been 
carried out concerned with the distribution and evolution of Y-containing particles within 
these aged coatings as a function of heat treatment time and temperature. In this research, 
a novel technique of ion beam induced electron imaging has been used to reveal the 
microstructure and distribution of Y-containing particles in the cross-sections of MCrAlX 
bond coatings. Subsequently, these ion beam images have been used to quantitatively 
analyse the distribution of the Y-containing particles, not only within the coating sub-
surface but also above the inter-diffusion zone (IDZ), as a function of both ageing time 
and spraying method. Phase identification of the Y-containing particles has been carried 
out using both Energy Dispersive X-ray (EDX) analysis and electron diffraction. 
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Chapter 6 summarises the work which has been done on the design of oxidation resistant 
coatings. Firstly, a relevant literature survey was carried out to study the existing 
commercial MCrAlX coatings, with special attention paid to coating failure mechanisms, 
physical properties (coefficient of thermal expansion and ductile-brittle transition 
temperature) and the effect of coating chemical composition. Both thermodynamic 
equilibrium calculations and diffusion model simulations were then used in conjunction 
with a patent review, to study compositional effectiveness, phase stability and to seek 
potential coating composition space and constrains. A new CTE algorithm and diffusion 
model were then used on trial composition calculations. Finally, three compositions were 
chosen based on the simulation results as the candidates for oxidation resistant coatings; 
these coatings were then studied in later stage of this programme. 
Chapter 7 presents and discusses the results of the detailed microstructural 
characterisation of the newly designed oxidation resistant MCrAlX coatings, including 
both the as-manufactured powders and the HVOF sprayed coated systems. The coating 
systems were investigated in the as-received condition, and to after vacuum ageing and 
isothermal ageing. Samples were aged in vacuum at 1100°C for 1hour and then aged 
isothermally in a controlled laboratory furnace at 880, 940 and 1000°C each for 100, 
1500 and 3,000 hours. These temperatures were chosen to be representative of possible 
service conditions that gas turbine blades experienced in operation. Thermodynamic 
modelling was utilised to predict the amount and chemical composition of the phases 
occurring at equilibrium within each of the coating. A diffusion model was also used to 
predict the oxide scale thicknesses and chemical/phase profile across the coating surface 
into the substrate. The research work is summarised in the final chapter, Chapter 8, and 
the industrial implications for the work highlighted. 
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2.1 Introduction to Industrial Gas Turbine Blades 
Turbine blades are important components for both aircraft and industrial gas turbines. 
They are subjected to significant rotational and gas bending stresses at extremely high 
temperatures during service [4]. Turbine blades operate in a harsh environment where 
highly oxidising hot gases are burned with fuel impurities such as chlorides and sulphates 
and lead to hot corrosion. In addition to normal start-up and shutdown operation, 
unexpected interruptions introduce severe thermo-mechanical loading cycles, which 
could cause premature thermo-fatigue. There is also a driver for increasing turbine 
engines operating temperatures as this is linked to the energy efficiency of the systems. 
This requires that the materials that are used for turbine blades should have excellent 
mechanical properties and the ability to retain their strength at high temperatures. 
Currently Ni-based superalloys are the major material used for turbines. To improve 
turbine blade performance, advanced coatings have been introduced onto the turbine 
blades to provide additional protection against high temperature oxidation and corrosion. 
2.2 Development of Ni-based Superalloys for Gas Turbine Blades 
In this section, a general review of the development of Ni-based superalloys for gas 
turbine blades is given. This includes a review following the historical development of 
Ni-based superalloys from conventional cast alloys, through directional solidification, 
and finally, single crystal superalloys. Also the phases that form in these materials and the 
effectiveness of additional elements in the Ni-based superalloys is discussed in detail, 
followed by how the compositional trends have developed over the last 50 years. 
2.2.1 General History of Development of Ni-based Superalloys 
The history of development of the Ni-based superalloys has been reviewed thoroughly 
[1,2,4-10] and will not be extensively treated here. Over the past few decades, the 
temperature capability of the turbine blade has been increased significantly by changes to 
alloy composition and also by major innovations in processing, such as directional 
solidification or the single crystal technology of Ni-based superalloys [4]. 
CHAPTER 2. LITERATURE REVIEW 
6 
 
Initially, conventionally cast (CC) alloys were developed for turbine blades, which 
contained many equiaxed grains. Subsequently, it was realised that grain boundaries were 
potential weak points; and therefore these grain boundaries weakened the turbine blades. 
In order to improve the mechanical properties of turbine blades, directionally solidified 
(DS) alloys were developed by Pratt and Whitney in the U.S.A in the 1960’s. This 
technique produces blades with columnar grain structures, and the grain boundaries are 
parallel to the principal stress axis; hence, the creep strength of blades is significantly 
increased. However, this process is expensive and therefore it is only employed by those 
applications that require high temperatures and stress [5]. 
In order to further improve the mechanical strength of a blade, it was realised that grain 
boundaries must be eliminated completely [4,5]. In this case, a ‘pigtail’ selector is used to 
allow only one growing grain to encompass the entire part. The blades produced by this 
method are described as “single crystals”, although strictly speaking they are still 
polycrystals due to the presence of more than one phase. However, the term “single 
crystal” can be considered to apply to the γ matrix, and the orientation of the γ′ second 
phase precipitates is very similar to that of the matrix. After removing the grain 
boundaries within a component, the mechanical properties of these alloys, such as creep 
rupture strength, was optimised, by introducing large amounts of refractory alloying 
elements such as W, Ta, and Mo. The absence of grain boundaries made it possible to 
remove elements that were used as grain boundary strengtheners for example, C, B, Zr 
and Hf [4], which inadvertently increased the solidus temperature and allowed for further 
alloy development via heat treatment [11]. A major step was the introduction of Re at a 
level of up to 6 wt. %, but at the expense of the density, castability, cost and 
microstructural stability [4]. 
The compositions of the single crystal superalloys have evolved since the first-generation 
of alloys derived from columnar grained materials in the 1980’s. The different 
compositional effects on first-, second- and third-generation single crystal superalloys 
had been reviewed [4]. Reed [2] provided four guidelines for compositions that lead to 
improvements in performance of single crystal superalloys: 
Guideline 1: proportions of γ′ forming elements such as Al, Ti and Ta should be high in 
order to achieve the best γ′ fraction ~ 70%. 
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Guideline 2: the composition of the alloy must be chosen such that the γ/γ′ lattice misfit is 
small; this minimises the γ/γ′ interfacial energy so that γ′ coarsening is restricted. 
Guideline 3: concentrations of creep strengthening elements, particularly Re, W, Ta, Mo 
and Ru, must be significant but not too great that precipitation of topologically close-
packed (TCP) phases is promoted. 
Guideline 4: the composition must be chosen to avoid surface degradation through 
exposure to the hot, operating gases. 
2.2.2 Microstructures of Ni-based Superalloys 
Ni-based superalloys are the most widely used alloys for turbine components. The 
physical metallurgy is complex and the relationship of properties to structures in these 
systems is known to have excellent stability for use in the 650-1100°C range [1]. A 
general review is given below of typical microstructural constituents and elements of 
component found in Ni-based superalloys. 
Main Phases in Ni-based Superalloys 
There are four main phases present within Ni-based superalloys and they are the gamma 
matrix (γ), gamma prime (γ′), carbides and topologically close-packed (TCP) phases [1, 2, 
4]. 
The gamma matrix (γ) is a continuous matrix with a face centred cubic (FCC) austenitic 
crystal structure, which contains a high percentage of solid solution elements such as Cr, 
Co, W and Mo [1,11]. The combination of the gamma matrix and gamma prime as the 
main strengthening phase enables the alloys to retain their strength at temperatures above 
650°C [1,2]. 
Gamma prime (γ′) is a coherent precipitating phase, which has an ordered FCC crystal 
structure and exhibits long range order. It has a lattice structure mismatch with the γ 
matrix. This phase can hinder the movement of dislocations, and hence strengthen the 
superalloy [2]. The formation of gamma prime (γ′) phase is promoted by the addition of 
Al, Ti and Ta [1]. 
There are several different carbide particles that can be formed: e.g. MC, M23C6 and M6C. 
Carbon (C) combines with reactive and refractory elements such as Ti, Ta and Hf to form 
MC carbides. These MC carbides start to decompose and form lower carbides such as 
M23C6 and M6C, which tend to populate the grain boundaries [1]. Carbides precipitate on 
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grain boundaries and strengthen the conventionally cast and directionally solidified 
superalloys by increasing grain boundary cohesion, therefore preventing grain boundary 
sliding and stress relaxation [11]. 
TCP phases are intermetallic compounds that generally form in service after long times at 
elevated temperature due to the high concentration of refractory elements such as W, Re, 
Mo, Cr and Ta. There are four typical TCP phases: Laves, σ phase, µ phase and P phase. 
Each phase is promoted by different elements, for example, Laves is rich in Mo, σ phase 
is rich in Cr, µ phase and P phase are rich in Mo and W. These phases can lead to both 
rupture strength and ductility reduction [1]. 
Effectiveness of Additional Elements 
The amounts of additional elements must be balanced to ensure obtaining the ideal 
microstructure. Table  2-1 shows different elements with different usages within Ni-based 
superalloys. 
Table  2-1 Influence of various alloying additions in superalloys [12] 
Influence Cr Al Ti Co Mo W B Zr C Nb Hf T
a 
Matrix strengthening             
γ′ formers             
Carbide formers             
Grain boundary strengthening             
Oxide scale formers             
 
Cr is added into the Ni-based matrix to provide corrosion resistance and also to 
strengthen the matrix to a certain extent [12]. However, it had been found that Cr can also 
promote the precipitation of TCP phases [4], therefore compromises have to be made.  
Al and Ti are added in small amounts to form the γ′ phase to affect the volume fraction 
and mechanical properties of superalloys [1, 11]. Ta can be added instead of Ti in single 
crystal alloys because both Ti and Ta strengthen the γ′ phase and raise the solidus 
temperature. 
Co has little effect on strengthening within the alloy because it has similar atomic size to 
Ni. Co has its main influence on the solidus temperature, which can lead to higher 
volume fraction of γ′ at lower temperature. In addition, the role of Co on the precipitation 
of TCP phases is still very controversial [4]. Erickson limited the Co content to 3 wt.% in 
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CMSX-10 claiming that it reduces the tendency to form TCP phases [8], but Walston et 
al. recommended a high level of Co (12.5 wt.%), in René N6 in order to improve phase 
stability [13]. 
Mo, W, Nb, Ta, Re, Ru were added in order to strengthen the matrix through solid 
solution strengthening. These elements have high melting points thus increase the high 
temperature properties of superalloys. As the temperature increases, the diffusion rate 
also increases, and the addition of these elements will increase the activation energy 
required to move the atoms in the crystal lattice, hence reduce the rate of diffusion. 
However, excessive amounts of these refractory elements are limited despite their 
beneficial effect on creep strength at high temperatures and particle coarsening. It had 
been found that Mo free alloys had higher oxidation resistance than those alloys with Mo 
[9]. Also, the oxidation resistance can be improved greatly by optimising the contents of 
refractory elements such as Cr, W and Ta, even in the alloys containing more than 4% Re 
[9]. The addition of Ru seems to show a reduced tendency to form undesirable TCP 
phases [2]. 
As shown in Table  2-1, C can form carbides, which act as precipitation strengtheners 
together with having beneficial grain boundary effects. For small single crystal alloys, C 
is not needed, but for large single crystal alloys in which it is difficult to avoid casting 
defects (freckles, mis-oriented grains, etc.), C can reduce the frequency of solidification 
defects significantly [1]. In the third generation alloys, a low level of C is added for 
cleaner melt because it helps in reducing the oxides, thus improving the castability [2]. 
Minor addition of elements such as B and Hf can have a significant impact on the 
strength of the low angle grain boundaries. These additions improve the yield of the 
components [4]. Hf is very often added in the single crystal superalloys in order to 
improve their coatability. The addition of Y is beneficial for the adherence of the Al2O3 
protective layer formed at high temperature [4]. It was clearly demonstrated that small 
addition of reactive elements such as Y, Hf, Ce, and La improve the adherence of alumina 
scales on the superalloy [1]. 
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2.3 Service Conditions of Industrial Gas Turbine Blades 
2.3.1 General Statement of Service Conditions 
Turbine blades are exposed not just to O at high temperatures, but also to other 
environmental constituents in the form of gases such as CO2 and SO2, fused or molten 
salts like alkali and alkaline earth sulphates, chlorides, and solid particles in the form of 
sand and fly ashes. These environmental constituents interact with turbine materials 
potentially leading to oxidation and corrosion. In this section, oxidation and hot corrosion 
will be reviewed [14-18]. 
2.3.2 High Temperature Oxidation 
Metals and alloys will undergo an oxidation reaction when they are exposed to O or O-
containing gases at elevated temperatures, and some or all of the metallic elements will 
convert into their oxides [14]. Wagner [135] derived an expression for the oxide 
thickening rate which is shown in Equation  2-1, where k’ is the parabolic rate constant 
can be found by making certain assumptions and performing a mass balance [14-16]. The 
oxide thickening rate is also dependent on the specific conductivity of the oxide, the 
transport numbers of cations, anions and electrons and the free energy decrease during the 
oxidation reaction [19]. This expression is a simplified derivation which assumed that the 
conductivity is independent of the O pressure. However, in fact this is not the case, so 
that a more complex expression is required. There are only three metal oxide systems that 
accurately follow Wagner’s parabolic equation; viz. Cu/Cu2O, Co/CoO and Fe/FeO [19], 
and the very good agreement between the calculated and observed rate constants are 
evident from Table  2-2. 
Equation  2-1 [135] 
𝑘′ = 1
𝑅𝑅
� �𝐷𝐷 + 𝑍𝑍𝐷𝑍
𝑍𝐷
�𝑑µ0
µ0
′′
µ0
′
 
Dm=diffusivity of metal in the oxide 
Do=diffusivity of oxygen in the oxide 
Zm=valence of metal 
Zo=valence of oxygen 
µ0
′ =chemical potential of oxygen at the metal/oxide interface 
µ0
′′=chemical potential of oxygen at the gas/oxide interface 
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Wagner’s theory of parabolic oxidation refers only to monophase scales, but in practice 
most oxides layers are multiphase. However, the rate of growth of each phase has been 
shown to obey parabolic kinetics and their relative thickness is independent of time but is 
temperature-dependent. 
Wagner’s model assumes that the scale is compact [15-16, 19], but normally scales are 
observed to be porous, and therefore under these conditions deviations from Wagner’s 
theory are to be expected. A porous scale can form during cationic or anionic growth. For 
example, consider the case of Ni where upon oxidation a compact outer layer of NiO and 
a porous inner layer, also of NiO, are formed. A single layer of Ni oxide forms during the 
early stages of growth of the oxide, but as the layer thickens a duplex structure develops, 
which consists of an inner region of equiaxed, fine-grained crystallites and an outer 
region of large columnar crystals. The inner layer is generally more pronounced on less 
pure materials, and is believed to be due to the presence of impurities segregating to the 
grain-boundaries, thereby inhibiting grain growth. Tracer diffusion studies have shown 
that the outer layer grows by movement of Ni vacancies along the grain-boundaries, and 
the inner layer by molecular O penetration along microcracks and fissures which are 
present in the outer layer due to the build-up of stress in that layer. In the case of Ni oxide, 
compressive stresses result because of the constraints imposed on the oxide layer by the 
receding metal. 
Alloy oxidation is more complex and there are two groups of oxidation mechanisms for 
an alloy: a) a noble parent metal with base alloying elements and b) a base parent metal 
with base alloying elements [16].In general, parent metal A and alloying element B both 
have a similar reactivity. It is often the case that an oxide of one element is more stable 
than the oxide of another. Consider oxides AO and BO, where BO is more stable. In a Ni-
based superalloy, A would represent Ni and B would represent Cr, Al, Ti etc. With low 
additions of B the oxide AO will form, and assuming this layer is permeable internal BO 
will also precipitate. Beyond the critical concentration of B, an external BO layer forms 
in favour of the less stable AO. This is known as “selective oxidation”. In reality, some 
AO will form before a continuous BO layer is able to stabilise (known as the “transient 
stage”). 
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Table  2-2 Measured and calculated rational rate constants*[19] 
2 Cu + O2                           Cu2O 
Temp. 1000°C 
Pressure, atm 
kτ calc. 
eq cm-2 sec-1 
kτ obs. 
eq cm-2 sec-1 
8.3 × 10-2 
1.5 × 10-2 
2.3 × 10-3 
3.0 × 10-4 
6.9 × 10-9 
4.8 × 10-9 
3.4 × 10-9  
2.1 × 10-9 
6.2 × 10-9 
4.5 × 10-9 
3.1 × 10-9 
2.2 × 10-9 
2 Co + O2                          2CoO 
Pressure, 1 atm 
Temp. °C 
kτ calc. 
eq cm-2 sec-1 
kτ obs. 
eq cm-2 sec-1 
1000 
1148 
1350 
1.25 × 10-9 
5.15 × 10-9 
3.15 × 10-8 
1.05 × 10-9 
1.30 × 10-9 
4.65 × 10-9 
2 Fe + O2                          2FeO 
Pressure, 1 atm 
Temp. °C 
kτ calc. 
eq cm-2 sec-1 
kτ obs. 
eq cm-2 sec-1 
800 
897 
983 
2.5 × 10-9 
1.1 × 10-8 
2.8 × 10-8 
2.6 × 10-9 
1.2 × 10-8 
3.3 × 10-8 
* The rational parabolic rate constant, kτ, is used when the reaction rate is expressed in terms of 
equivalents of MaOb per square centimetre per second. 
The oxidation rate of metals and alloys depends on their compositions, surface areas, the 
temperature, the gas composition, and the nature of the oxidation cycle. The cycle effect 
has been clearly demonstrated for a variety of Ni-based superalloys. There are two types 
of experimental oxidation tests that are used to determine oxidation rates: isothermal tests 
and cyclic tests [14]. 
Ideally, the oxide scale produced remains completely continuous, coherent and adherent; 
therefore it provides a continuous layer of protection on the alloy surface. However, the 
oxide produced on commercial alloys is invariably formed in a stressed condition due to 
the mechanism of oxide growth [20] and, additional applied stresses may be present 
during service. These additional stresses may be formed as a result of thermal cycling, 
direct creep loading, fatigue or impact or abrasive forces during service. The adhesion of 
metal-oxide is crucial to the oxide scale protection on the alloy. If adhesion is poor, the 
combination of stresses may cause the oxide to fail at the metal-oxide interface; if the 
adhesion is good, fracture of the surface oxide may occur. Therefore, mechanical 
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properties of surface oxides are very important when predicting service life of alloys. 
Several studies based on mechanical properties of surface oxides on Ni-based superalloys 
have been published by Johnson et al. at Cranfield University [20, 21]. Their work shows 
that an appreciation of the mechanical integrity of surface oxides formed during oxidation 
can have far-reaching significance in predicting high temperature corrosion resistance. A 
more recent study [22] on the mechanical aspects of high-temperature oxidation obtained 
a series of rules that can be taken as a design catalogue for optimising a metal/scale 
system with respect to minimising the probability of mechanical scale failure. 
Gil et al. [23] have shown that the coating and component life could be determined by 
growth rate and adherence of the protective alumina scale and a number of other factors, 
such as coating chemical composition, surface condition prior to oxidation exposure. 
Their study found that the oxide scales formed on rough, as sprayed, MCrAlX free-
standing coatings exhibit a different morphology as compared to that of scales formed on 
a flat surface. There are several studies done on the improvement of oxidation resistance 
of MCrAlX coatings [24,25]. For example, it has been found that Re additions can 
improve the long-term oxidation resistance of the NiCrAlY [24] and NiCoCrAlY [25] 
coatings. 
2.3.3 Hot Corrosion 
Introduction to Hot Corrosion 
The use of Ni-based superalloys as turbine blades in an actual end-use atmosphere leads 
to material properties deterioration. This deterioration can result from erosion or 
corrosion [17]. Erosion is a result of the impingement of hard particles on the turbine 
blade and removal of material from the blade surface. The particles may enter through the 
turbine inlet or can be, for example, loosened scale deposits from within the combustor. 
Hot corrosion describes the attack of alloys initiated by sodium sulphates (e.g. Na2SO4). 
It is an accelerated oxidation of alloys [17] and causes deterioration of blade materials 
and reduces component life. The alkali metal contaminants from the fuels/salty air, such 
as sodium and potassium, reacting with sulphur in the fuel to form molten sulphates 
(Na2SO4), which damage the protective surface oxides [18]. 
There are now two distinct forms of hot corrosion are widely recognized [17]. The two 
types of hot corrosion cause different types of attack. These two types of hot corrosion 
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are called Type I (high-temperature) and Type II (low-temperature) hot corrosion; they 
will be discussed in detail in later sections. 
In the broadest sense, hot corrosion is an accelerated form of oxidation, whereby the 
protective layer formed by oxidation processes is broken down by salt-based deposits on 
the surface. Hot corrosion progresses in two distinct stages: initiation and propagation. 
The initiation stage can take from hours to thousands of hours and at the end of the stage, 
the salts penetrate through the oxide scale. The underlying, depleted alloy is then exposed 
to oxidation attack in areas where no protective oxide can be formed. In the propagation 
stage, various mechanisms have been proposed over the past few decades and they are 
sulphidation/oxidation and fluxing. 
In an attempt to control hot corrosion of gas turbine components, several approaches have 
been employed: 
• Alloy selection 
• Coatings for protection 
• Washing of hot components 
• Air filtering 
• Fuel cleanliness and composition 
Coating protection is the preferred and most widely adopted approach. MCrAlX coatings 
are specially designed family of corrosion-resistant coatings for high temperature 
protection [18] and will be reviewed in Section  2.4. 
The hot corrosion behaviour of MCrAlX coatings have been investigated by many 
researchers [18,26-28] and it has been found that during the hot corrosion process, an 
inter-diffusion of substrate and the coating constituents occurs and a NiAl (β) depleted 
zone forms retarding the growth of the coating [28]. Also, the hot corrosion behaviour of 
base alloys has important influences on that of the whole system, and an addition of Si 
and B into the coatings can improve the hot corrosion resistance [27]. 
Type I Hot Corrosion 
Type I (high-temperature) hot corrosion has been known since the 1950s [17]. It is an 
extremely rapid form of oxidation that takes place in a general temperature range between 
850 and 950°C [18] in the presence of sodium sulphate (Na2SO4). At this temperature 
range, the sulphates will be vaporised. 
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Type I hot corrosion [26] is characterised by the formation of a thick porous outer oxide 
layer, and intermediate layer of internal oxide particles mixed with depleted alloy and an 
inner region containing internal sulphide particles which leads the attack [19]. It is 
generally observed that a maximum in rate of attack occurs at about 850-900°C; at higher 
temperatures, deposition of molten salts is reduced since the vapour pressure is 
insufficient for condensation [19]. 
This type of hot corrosion starts with the condensation of fused alkali metal salts on the 
surface of the component, and then a cycle of subsequent chemical reactions takes place, 
which will attack the protective oxide scale and progressing to deplete the Cr element 
from the material underneath. While the Cr element depletes, oxidation of the base 
material accelerates and porous scale begins to form. Other impurities such as V, P, Pb, 
and Cl either in the fuel or in the air can combine with salt (Na2SO4) to form a mixture of 
salts with lower melting temperatures, therefore broadening the range of attack [18]. 
Type II Hot Corrosion 
Type II (low-temperature) hot corrosion was recognized as a separate mechanism of 
corrosion attack in the mid-1970s [17] and can be very aggressive if the conditions are 
right. The general temperature range for this type of hot corrosion is between 650-750°C. 
It is caused by low melting eutectic compounds resulting from the combination of sodium 
sulphate and some of the alloy constituents such as Ni and Co. Type II hot corrosion can 
form typical pitting, resulting from the formation of mixtures of Na2SO4 and CoSO4 with 
low melting temperature. Local attacks such as chloride attack; thermal cycling, or 
erosion is related to localised failure of the scale. In Type II hot corrosion, neither an 
incubation period nor microscopic sulfidation and Cr depletion are generally observed 
[18]. 
Rapid attack at temperatures of 650-670°C was found by Luthra and Shores [29] to result 
from formation of NiSO4-Na2SO4 or CoSO4-Na2SO4 ternary melts. The mechanism was 
thought to be acidic fluxing, and was observed for a series of Co-Cr, Co-Al and Co-Cr-Al 
alloys [30]. 
The morphology of Type II hot corrosion is one of non-uniform attack, with pits of 
different sizes growing into the metal. Measuring the rate is therefore difficult, and 
lifetime predictions require complex and rather empirical statistical models [31]. In Type 
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II hot corrosion of attack large oxide and sulphide-filled pits form, but there are no 
internal sulphide particles [19]. 
2.4 Coating Systems on Gas Turbine Blades 
2.4.1 Introduction to Coating Systems 
Economical and environmental concerns continue to push gas turbine engines to operate 
at ever increasing temperatures, in order to improve the thermodynamic efficiency and 
reduce pollutant emissions. However, high temperature materials used in turbine engine 
component applications are generally developed with optimised structural properties such 
as tensile, creep, and fatigue strength while maintaining microstructural stability over a 
wide temperature range. The excellent mechanical properties are achieved to some extent 
at the expense of environmental resistance [14]; which means the materials used in 
turbine engines do not have sufficient resistance to high temperature corrosion [32] and 
oxidation for long term operation, due to their low Cr and Al contents [33]. Therefore, 
coatings are applied on top of the turbine components to achieve maximum protection 
from the service environment, including oxidation and /or corrosion, in order to maintain 
component shape and ensure the component achieves the required service life [33, 34]. 
The coating systems used for high temperature applications have been reviewed 
extensively by a number of researchers [32-45]. 
There are three types of coating systems that are currently used to protect the turbine 
blades from high temperature and oxidation/corrosion: (1) diffusion coating; (2) overlay 
coatings, and (3) a two-layered coating system consisting of a ceramic based top coat and 
a bond coat. The top coat is also known as thermal barrier coating (TBC) [34, 46]. 
There are several different types of diffusion coatings include aluminides and Pt-modified 
aluminides [46]. Overlay coatings have a typical structure of MCrAlX, where M stands 
for Ni/Co/Fe or a combination of these elements, and a minor addition of a reactive 
element such as Y, Si, Ta, Hf, Re etc. Diffusion coatings and overlay coatings can be 
used either on their own on top of the substrate or can also be applied as bond coatings 
between the TBC and the substrate. As the name of bond coat implies, the coatings need 
to provide a bond between the TBC and the underlying alloy. Typical TBCs are yttria-
stablised zirconia containing 7-8 mol% YO1.5 [46]. Their primary function is to provide 
the TBC with a low thermal conductivity barrier to the surface of the coated component, 
to allow increased gas temperature hence the engine efficiency without increase in the 
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blade surface temperature. TBCs can also provide protection to rapid thermal transients 
across the component, therefore minimising thermal distortions [46]. 
There are many key factors required by a surface coating system for engine components 
[14, 34]; which are listed in the Table  2-3. It is very difficult to select one single coating 
system which could satisfy the full range of property requirements; therefore, a 
compromise between these properties is necessary. 
Table  2-3 Properties required by a surface coating system for blade and vane applications [34] 
Property Requirements 
Corrosion and oxidation resistance − Initial rapid formation of a continuous thin uniform, 
stable and adherent protective oxide film 
− Slow subsequent rate of scale growth 
− High concentration of scale forming elements 
Erosion resistance − Ductile and adherent oxide scale 
− Moderate coating ductility 
Coating and alloy interfacial stability − Low rates of diffusion across interface 
− Minimum compositional changes, particularly with 
reference to brittle phase formation 
Coating adhesion − Similar/matched coating and substrate properties 
− Clean substrate/coating interface 
Mechanical properties − Ability to withstand all strain-temperature cycles 
encountered by component during service 
− Appropriate coating ductility 
− Minimum effects on substrate properties 
Aerodynamic properties − Best possible surface finish 
− Acceptable thickness and uniformity on aerofoil 
− Minimum loss of surface smoothness during service 
Coating process − Ability to coat complex shapes e.g. aerofoils 
− Optimised for composition, structure, thickness, 
thickness distribution and uniformity 
− Cost effectiveness 
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2.4.2 Diffusion Coatings 
The first coatings that were developed to protect superalloy components against oxidation 
and hot corrosion were diffusion aluminides [47]. There are three diffusion coating 
systems that are used for blade and vane applications: aluminising-, chrominising- and 
silicising- [34]. Aluminising is the most widely used system to protect hot end engine 
components such as turbine blades and vanes which encounter temperatures up to 1100°C 
[34]. Chromising leads to Cr enrichment in the surface layer that gives either greater Cr 
levels in the bulk element solid solution or supersaturated solid solution plus αCr phases 
[33,48]. Chromised coatings are used successfully at lower temperatures (<950°C). They 
are particularly useful for Type II hot corrosion and it has found that it is beneficial for 
Ni-based alloy protection against corrosion due to sulphatic deposits in chemical plant 
[33]. 
The aluminide coatings are formed by inter-diffusion between the depositing Al and the 
substrate alloy, leading to the formation of an intermetallic coating comprising primarily 
Ni-Al or Co-Al for Ni- and Co-base superalloys, respectively [34]. The diffusion 
aluminides are most often produced by either pack cementation or chemical vapour 
deposition (CVD) techniques. There are two different process activity levels commonly 
used, termed ‘high’ and ‘low’ activity. Low activity occurs at high temperatures (1050°C), 
by outward diffusion of Ni or Co from the substrate to form NiAl; whereas a high activity 
occurs at lower temperatures by inward diffusion of Al to form Al-rich NiAl and Ni2Al3. 
These Al-rich NiAl and Ni2Al3 are brittle; therefore a post-coating heat treatment is 
required to transform them to beta Ni-Al. 
Aluminide coatings are susceptible to brittle cracking at low temperatures but are ductile 
above about 750°C, although the exact temperature at which ductile behaviour is 
observed depends upon coating composition and inter-diffusion with the substrate, heat 
treatment and thickness. Cracking of aluminide coatings on turbine blades and vanes 
during service is usually avoided or minimised by decreasing the coating thickness and 
by using a diffusion heat treatment to reduce the Al content of the coating. 
The diffusion aluminide coatings used on turbine blades and vanes are most effective 
when component temperature and/or operating environment are not extreme. The coating 
process is highly cost effective and the coatings can easily be stripped from the substrate 
to allow recoating [34]. Under severe hot-corrosion conditions, or at temperatures above 
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1050°C, aluminide coatings offer only limited protection [49]. To overcome this problem, 
Pt-modified aluminide diffusion coatings were developed. A few micron thick Pt layer is 
electrodeposited onto the surface before the aluminising process [49]. The microstructure 
obtained of a Pt-aluminide coating is dependent upon the processing. The oxidation and 
corrosion behaviour of Pt-aluminides are highly dependent upon their microstructure and 
compositions. A careful selection of composition and microstructure of Pt-aluminides can 
lead to a significant improvement in performance over aluminide coatings in the gas 
turbine operating regime [34]. 
One of the original reasons for Pt modification was to try to suppress the diffusion of 
refractory elements (W, Mo) into the surface layers of aluminide coatings [33]. Leyens et 
al. [50]found that this effect is not wholly realised and the subsequent work by Zhang et 
al. [51,52] has shown that the most probable beneficial effect of Pt in aluminide coatings 
is to suppress void formation at the coating-alumina scale interface. This greatly 
improves scale adhesion and accordingly oxidation and corrosion resistance. Krishna et al. 
[53] and Purvis and Warnes [54] illustrated examples of the improvement of the 
enhanced oxidation resistance afforded by Pt modification of aluminide coatings. These 
studies both show alumina scale spallation improvement as Pt content is increased. Chen 
and Little’s [55] results on a Pt modified NiAl coating indicated that Pt diffusion into the 
substrate resulted in the precipitation of topologically close packed (TCP) phases which 
are known to be detrimental to the mechanical properties of Ni-based superalloys. Many 
studies have been done on prediction of compositional and temperature ranges over 
which these TCP phases form so that these ranges can be avoided [1, 56-58]. 
Apart from Pt, other elements such as Cr, Ta, Si are used to develop modified aluminide 
coatings for certain applications in gas turbines [34], particularly where an improvement 
over aluminising is required. These modified aluminide coatings are usually applied by a 
variety of techniques, including electroplating or PVD methods for deposition of the 
initial metallic layer (Pt, Cr etc.) and subsequent high or low activity pack or vapour 
aluminising. Normally complex post heat treatment cycles are required to produce 
modified aluminide coatings with the desired microstructures. 
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2.4.3 TBC Coatings 
Thermal barrier coatings are applied on the top of the bond coat or directly on the 
substrate alloy to provide protection against the high temperature environment during 
service. 
The most commonly used system is a duplex coating system, which includes a low 
thermal conductivity ceramic coating over a MCrAlX bond coat. The bond coat provides 
higher oxidation/corrosion resistance than the substrate material. A rough bond coat 
surface is required to obtain mechanical bonding between the ceramic layer and the bond 
coat. A 3-layer coating with an additional metallic or ceramic/metallic layer between the 
overlay and ceramic coating is an example of other TBC systems. The additional layer 
provides enhanced accommodation of the thermal expansion mismatch between the 
ceramic and the bond coat. However, the major drawback of this system is that the 
intermediate layer could become oxidised, which in turn could result in spallation of the 
ceramic layer [59]. 
2.4.4 MCrAlX Coatings 
In land-based power generation, the operation temperature of gas turbines will typically 
not be as high as in aerospace applications. Therefore often only an overlay coating is 
applied. Overlay coatings provide more independence from the substrate alloy, but also 
more flexibility in design as compositions can be modified depending on the degradation 
mechanisms expected to prevail. In some hot end components, TBC are however still 
required therefore a bond coat is required in between the top coat and the substrate. Both 
overlay coatings and bond coats are generally based on the MCrAlX system. 
A large Al content within simple binary Ni-Al and Co-Al alloys is required to form and 
maintain a surface Al2O3 scale. The addition of Cr can lower the amount of Al required to 
form and maintain the scale [60], therefore, the M-Cr-Al systems can be used to optimise 
oxidation and corrosion performance for specific applications. A detailed discussion on 
the elemental additions and their effects is given later in this review. 
The main function of MCrAlX coatings are [46]: (i) to form a protective, stable and slow 
growing oxide to prevent oxidative attack of the alloy; (ii) morphological stability on 
heating and cooling and at high temperatures; (iii) sufficient reservoir of Al; (iv) yield 
stress at high temperature with a closely matched CTE with the superalloys. 
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Compositions and Microstructures 
Typical MCrAlX coatings comprise the β and/or γ′ phases in a γ matrix [1, 33]. MCrAlX 
coatings typically contain 18-22 wt.% Cr, 8-12 wt.% Al and up to about 0.5 wt.% Y to 
improve oxide scale adhesion [49]. Coatings are tailored for specific applications by 
controlling their elemental composition and microstructure [14]. The relative amounts of 
elements in MCrAlX coatings have been studied over decades and are summarised in the 
following sections. 
Major elements: Ni, Co, Cr, and Al 
The relative amounts of Ni and Co mainly depend on two factors: coating ductility 
requirements and corrosion resistance. The former one determines the amount of Ni and 
the latter one dominates the amount of Co [33, 41]. Co-base coatings appear to have 
superior resistance to corrosion. This is why CoCrAlY coatings are predominantly 
selected for applications where hot corrosion is important and NiCrAlY coatings are 
preferred when oxidation resistance is most critical [47, 61]. The content of Co is also 
critical for coating stability, this is because changes in the Co content can eliminate the 
phase and volume changes during cooling that are detrimental to the mechanical integrity 
of the coating [14]. 
The Cr and Al content in the MCrAlX coatings are the most important in controlling their 
oxidation behaviour [49]. The addition of Cr promotes the formation of a continuous 
alumina layer at lower Al concentrations, which benefits the alloy in the aspect of 
mechanical properties and melting point [62, 63]. High contents of Cr in MCrAlX 
provide hot-corrosion resistance [16, 50], and are especially protective against Type II hot 
corrosion. The amount of Cr addition is limited because it can lower the creep strength of 
the substrate and promotes detrimental Cr-rich phase formation in the coating. 
Al is added into the coating in order to form alumina scales, which can provide excellent 
oxidation and corrosion resistance [33]. The formation of alumina scales is time 
dependent and as the concentration of Al lowers, the β phase (Al) reduces in stability. 
Since the coating life is often measured in terms of depletion of β, both oxidation life and 
the coating life are dependent on the availability of Al [3]. However, large Al additions 
will lead a significant reduction of melting temperature and ductility, the reduction of the 
latter can lead to a reduction of thermal fatigue resistance of the coatings. The Al content 
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(8-12 wt.%) of the MCrAlX coating alloy is chosen to be sufficiently high to ensure the 
formation of a continuous alumina layer upon high-temperature oxidation [64-66]. 
Other minor elements 
A group of elements that is also known as reactive elements (RE) such as Y and Hf are 
likely to be added into the MCrAlX coatings. The effects of the addition of these 
elements in MCrAlX coatings are summarised as below [67-71]: 
• RE ions segregate to the metal/scale interface which inhibits interfacial void 
growth. 
• Reduce oxidation rate due to the change in the oxidation mechanism. RE ions 
segregate on the scale grain boundaries and inhibit cations outward diffusion. 
• Modify scale microstructures. 
• Improvement in selective oxidation in chromia formers. 
• In terms of alloy lifetime, the RE effect on scale adhesion appears to be of much 
more important than the effect on scale growth rate. Reducing the scale growth 
rate will not necessarily result in an improvement in alloy lifetime. 
A small amount of Y addition can improve scale adhesion [67]. It is now believed that the 
main role of Y is to combine with sulphur and prevent its segregation to the oxide layer, 
which is otherwise detrimental to its adhesion [3, 11]. An addition of Hf plays a similar 
role to Y. 
Si is added to improve cyclic oxidation resistance. It also decreases the melting point of 
the coating and affects phase stability. It should be noted that for cyclic oxidation at 
1000°C, 2.5 wt.% is the optimum amount of Si that can be added; further additions are 
detrimental. However, high Si content decreases the need for pre-oxdiation, which 
generally improves Type II hot corrosion resistance. A small amount of Pt addition can 
also improve the hot corrosion resistance and scale adhesion of the coatings. Ta can also 
be added to increase the oxidation resistance [3, 11]. 
The first MCrAlX system with rhenium (Re) addition was developed by Czech and 
Schmitz [72] in the late 1980s’. Since then several investigations have been reported 
concerning the influence of the addition of Re on MCrAlX coatings [24, 25, 73-75] and 
have found that the addition of Re generally improves the long-term performance of 
NiCoCrAlY coatings with respect to thermo-mechanical, oxidation and inter-diffusion 
properties. 
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It has been shown that a 10 wt.% addition of Re in the coating leads to a significant 
increase in the high temperature strength capability [73]. A detailed microstructural 
analysis has been carried out [75] and this showed that the Re addition promoted the 
formation of a CrRe-rich α-phase below the oxidation layer and improved the oxidation 
and corrosion resistance of the coating. The CrRe-rich α-phase influences the activity of 
Al to produce a dense Al2O3 oxide layer and this CrRe-rich α-phase is probably the 
reason for the improved thermal mechanical properties of MCrAlX coatings containing 
Re [74]. 
Czech [73] and Beele [25] reported that the addition of Re can decrease the β-depletion 
rate in NiCoCrAlY coatings. Very high amounts of Re lead to extensive precipitation of 
Cr-rich phases (α- and σ-phase), causing an embrittlement of the NiCoCrAlY coating on 
IN738 substrate [25]. Re leads to the domination of large amounts of Cr-rich oxides, 
which negatively affect the early stages of oxidation [25]. Re addition decreases the 
oxidation rate of NiCrAlY coatings (after long term oxidation, some less protective 
oxides like NiCr2O4 and NiAl2O4 were observed in the NiCrAlY coating surface, while 
the scale formed on the NiCrAlYRe coatings was still composed of protective α-Al2O3.) 
[24]. Re addition has little direct effect on the alumina scale growth rate [24]. Re addition 
increases the stability of α-Cr in the coating during oxidation. (Owing to the similar CTE 
values of α-Cr and the Al2O3-rich scale, the enhanced precipitation of α-phase to the 
coating –scale interface reduced the thermal stresses and resulted in better scale adhesion, 
hence the Re addition improved the long-term oxidation resistance of the NiCrAlY 
coating). 
Recently, Nicholls et al. [76] developed a new overlay coating technology; the so-called 
‘smart’ coat. This new type of coating can overcome the problems associated with the 
differences in temperature over the surface of a blade. This is because the temperature 
difference around the blade, the nature of degradation varies from oxidation through Type 
I hot corrosion to Type II hot corrosion [33]. In order to protect the blade from a range of 
degradation mechanisms, a two-layer structure was introduced into the smart coating. An 
outer β-NiAl Al-rich composition can form alumina at high temperatures, hence 
providing high temperature oxidation resistance and Type I hot corrosion protection. An 
interlayer with Cr-rich can form chromic under Type II corrosion conditions therefore 
providing protection against Type II hot corrosion. A series of laboratory corrosion tests 
were undertaken to compare the smart coats with two existing commercial coatings: 
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RT22 and Sermetel 1515. Results showed that smart coatings can be deposited 
substantially thicker and would offer a significant improvement in coating service life. 
Nichols et al. [76] also developed a technology to improve the coatings repair capability 
by incorporating both reservoir phases and scavenger phases within the smart coating 
system. These two phases can further extend coating life by limiting oxide scale failure, 
either through sourcing beneficial elemental additions (reservoir behaviour) or trapping 
detrimental elements (scavenger behaviour). 
Table  2-4 summaries the major roles of additional elements in the MCrAlX coating 
systems [14-15, 23-26, 30, 32-48, 50, 52-54, 56, 59-60, 63-64, 67-71, 73-74, 77, 92-93, 
95-96, 98, 105, 108, 123]. 
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Table  2-4 Additional elements effectiveness in the MCrAlX coating systems. 
Elements Main role Reference 
Aluminium 
(Al) 
• Form protective Al2O3 scale 
• Maintain protective Al2O3 scale 
• Adjust concentration to enhance coating ductility and diffusional stability 
• Decrease coating ductility if high quantity added 
[14-15, 23, 26, 32-47, 60, 63-64, 73-74, 77] 
Chromium 
(Cr) 
• Promote protective Al2O3 scale formation (increases the kinetics of Al2O3 
scale formation) 
• Enhance hot corrosion (sulfidation) resistance 
• Decrease ductility if high quantity addition in coating (< 20 wt. % Cr for 
ductile coating) 
• Need 10 wt. % to allow Al2O3 formation if Al levels as low as 5 wt. % 
• Reduce critical level of Al in a Ni alloy required for the formation of a 
stable Al2O3 oxide scale 
[14-15, 23, 26, 30, 32-48, 60, 63] 
Cobalt (Co) • Adjust concentration to enhance coating ductility and diffusional stability 
• 20 wt. % addition can increase the ductility of the MCrAlX alloy 
• Promote α-alumina formation 
• Improve hot corrosion resistance 
• Slightly raises thermal expansion coefficient of coating 
[14-15, 26, 30, 32-47, 50, 60, 63-64] 
Nickel (Ni) • Adjust concentration to enhance coating ductility and diffusional stability 
• Improves high temperature oxidation 
• Less brittle than Co in MCrAlX coating 
 
 
 
[14-15, 23, 26, 32-48, 60, 63-64] 
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Platinum (Pt) • Does NOT give enhanced hot corrosion protection (aluminide coatings) 
• Improve TGO adhesion 
• Reduce secondary creep rate 
• Reduce the Al content required for α-Al2O3 formation 
• Lower the thermal expansion coefficient 
[50, 52-54, 108] 
Molybdenum 
(Mo) 
• Promote α-alumina formation 
• Reduce the diffusion coefficient of element for oxidation 
• Can induce scale breakdown on some Ni-Co-base alloys (at high 
concentration) 
• TGO stop being protective to high temp corrosion 
[56, 60, 63] 
Tantalum (Ta) • Carbide former at interface blocking inter-diffusion 
• Raise yield strength of MCrAlX coatings 
• Increase thermal expansion coefficient of MCrAlX coatings 
• Reduce TGO adhesion 
• Addition of tantalum to the basic NiCoCrAlY composition improves the 
cyclic oxidation resistance significantly at 1121°C 
[56, 60, 63] 
Titanium (Ti) • Accelerate formation of Cr2O3 at metal/oxide interface in Ni-Cr alloys 
• Bad for TGO adhesion 
• Reduce oxidation performance 
• Lead early scale spallation 
• Accelerate θ to α transition 
• Stabilise γ′up to higher temp 
 
 
[56, 60, 63] 
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Hafnium (Hf) • Improve/reduce TGO adhesion 
• Retard θ to α alumina transition 
[32-47, 60, 63, 92-93, 95, 105] 
Yttrium (Y) • Improve oxide scale adhesion onto MCrAlX coating 
• Binds up any sulphur in coating 
• Suppress void formation at coating/oxide interface 
• Lead to peg formation at interface (if present in high enough 
concentration) 
• Increase plasticity in oxide scale 
• Segregate to alloy/oxide interface and forms a graded seal or otherwise 
strengthen the alloy/oxide bond 
• Y-rich particles can improve the creep strength of alumina 
• Stabilise the θ-Al2O3 phase and retard the θ-Al2O3 to α-Al2O3 
transformation 
 
[59-60, 63, 67-71, 92-93, 95-96, 98, 105] 
Rhenium (Re) • Very high amounts of Re lead to extensive precipitation of Cr-rich phases, 
causing an embrittlement of the coating 
• Significant improvement in long-term performance of NiCoCrAlY coatings 
with respect to thermomechanical, oxidation and inter-diffusion properties 
• Re lead to large amount of Cr-rich oxides formation, which affect early 
stage of oxidation negatively 
• Improve the oxidation resistance of “classical” MCrAlX systems 
• Improve thermal cycle fatigue as properties as reflected by the number of 
cycles until crack initiation 
• 10 wt.% of Re addition in the coating leads to a significant increase in the 
high temperature strength capability 
 
[24-25, 92-93, 95, 98, 105] 
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Zirconium 
(Zr) 
• May improve TGO adhesion 
• Is supposed to be good for aluminides but not MCrAlXs 
[24-25, 60, 63, 92-93, 95, 98, 105] 
La, Ce • May improve TGO adherence [24-25, 60, 63, 92-93, 95, 98, 105] 
Sulphur (S) • Very detrimental to scale adhesion 
• If reduce S in alloy, coating more resistant to S atmosphere 
[24-25, 60, 63, 92-93, 95, 98, 105] 
Silicon (Si) • Silica formation for protection against low temp hot corrosion 
• Promote Al2O3 formation on Ni-Al alloys 
• Potential for both oxidation and corrosion resistance 
• The addition of silicon to the basic Ni-Co-Cr-Al-Y composition improves 
the cyclic oxidation resistance of this coating significantly at 1121°C 
[108, 123] 
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2.4.5 Deposition Processes 
MCrAlX coatings are commonly applied using different thermal spray processes such as 
low-pressure plasma spray (LPPS) and high-velocity oxy-fuel (HVOF) [14]. Spray 
processes use raw materials in the form of alloy powders whereas arc processes use 
ingots as raw materials. When using spray processes to produce overlay coatings, there 
are three primary steps [14]: (1) preparing the raw coating material in appropriate 
composition in powder form (sometimes can also be wire or rod form), (2) provide 
sufficient kinetic and thermal energy to create a confined high-energy particle stream, and 
(3) propelling the energetic particles toward the substrate using high-pressure carrier gas. 
Then the particles deform plastically and impact with the substrate or with each other, 
forming cohesive bonds with each other and the substrate. 
Physical vapour deposition (PVD) can also be used to apply overlay coatings. In this 
technology, coating materials are vaporised in the form of atoms, molecules, or ions by a 
physical process rather than through a chemical reaction [14]. The species then form a 
deposit on the substrate. The whole process is carried out in vacuum or under low 
pressure. There are numerous PVD processes and they all have some features in common. 
These include a coating chamber with a good vacuum system and methods to minimise 
contamination, the capability to introduce inert or reactive gases with controlled partial 
pressure, and suitable holders for both the coating material and the substrate to be coated. 
In order to get good adherence of coating on the substrate, suitable surface cleaning and 
preparation are required prior to deposition [12]. 
Electron Beam Physical Vapour Deposition (EBPVD) 
A simplified EBPVD system is illustrated in Figure  2-1. In the early years of coating 
production industry EBPVD was the most commonly used deposition process. In this 
process, a focused electron beam is used to melt ingots or granules of coating material 
within a highly evacuated chamber to produce a vapour cloud. The vapour species consist 
of atoms, molecules, ions, and cluster of atoms. The substrate to be coated is rotated in 
the vapour that deposits to form the coating. 
30 
 
 
Figure  2-1 A schematic illustration of simplified EBPVD spraying process system [14].  
The deposition rate of EBPVD is proportional to the vapour pressure of the coating 
constituent. The raw material composition has to be adjusted to achieve a particular 
coating chemistry. The microstructure of the EBPVD-deposited coating generally 
exhibits a columnar structure perpendicular to the substrate surface [14]. 
However, the capital cost of set up a commercial EBPVD plant was very high, so that 
plasma spraying processes such as air plasma spraying (APS) system and vacuum plasma 
spraying (VPS) system were used instead. Over the past years, low-pressure plasma 
spraying (LPPS) system became dominant in the coating deposition industry. 
Low-Pressure Plasma Spray (LPPS) 
Plasma spray processes, allow the molten metal droplets to be in contact with O during 
their transit in air. This results in significant internal oxidation of the deposited coating 
tying up Al, for example, as oxide. Consequently, a certain amount of the Al is no longer 
available to form the oxide scale and provide adequate oxidation protection [14]. Since 
the coating life depends on the amount of Al that can form oxide scale, the coating life 
will often be reduced if the coating is applied by plasma spray process. 
Low-pressure plasma spray (LPPS) processes can eliminate exposure to O in air during 
the deposition of the coating. In order to do this, the plasma spray gun and the work piece 
to be coated are confined within a chamber pumped down to a partial vacuum and back-
filled with inert gas [8]. The unique design of LPPS offers further capability of preheating 
and cleaning of the parts by the process of reverse transferred arc (RTA) prior to the 
initiation of coating deposition. A schematic of the plasma spraying process is shown in 
Figure  2-2 [14]. 
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Figure  2-2 A schematic illustration of a plasma spraying process [14]. 
The powder materials for LPPS spraying coating are generally obtained by atomisation in 
an inert gas environment. It is relatively easy to control the composition of the powders. 
To achieve good coating microstructure, the particle size distribution is one of the key 
parameters. Due to the fact that a closed low-pressure chamber is used during processing, 
all process-related noise and particulate emissions are reduced significantly or eliminated 
altogether [14]. 
High Velocity Oxy-F0uel (HVOF) 
The HVOF technology requires a special nozzle system, which combines fuel and O 
together under high pressure and is then ignited in the combustion chamber to create a 
continuous flame. Coating materials in the form of powder are injected into the flame 
axially or radically [14]. The expanding jet of gas carries the heated powder particles, 
which on impact with the substrate plastically deform, cool, and solidify. The Figure  2-3 
shows a typical HVOF system. 
 
Figure  2-3 A schematic illustration showing a typical HVOF spraying system [14]. 
HVOF-sprayed coatings have some specific characteristics such as low porosity (<2%), 
low oxide content (<2%), and a clean coating substrate interface [14]. MCrAlX coatings 
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deposited by HVOF exhibit a similar microstructure to that obtained in the low-pressure 
plasma spray (LPPS) process, which will be discussed in the next section. 
In summary, high velocity oxy-fuel (HVOF), low-pressure plasma spray (LPPS) and 
electron beam physical vapour deposition (EBPVD) are all common methods that are 
used to apply MCrAlX coatings. It is important to note that the specific processes used to 
deposit overlay coatings have a significant effect on the details of the microstructure and 
mechanical as well as environmental properties. Both LPPS and HVOF sprayed coatings 
were found to have a similar microstructure in the as-spray condition, only that the HVOF 
sprayed coatings still have some un-melted particles within the coating. Research results 
[88-89] show that the distribution of the spinel oxides formed on the surface was different 
among coatings sprayed by different processes; spinel oxides were found in the form of 
islands on the LPPS coatings whereas they formed almost a continuous layer on the 
HVOF coatings at high temperature (1100°C). 
2.4.6 Performance of MCrAlX Coatings In Service 
It is essential to understand how MCrAlX coatings perform in terms of oxidation, hot 
corrosion and their mechanical behaviour. It is critical that when considering the 
performance, the coated system should be considered as a whole system. This will allow 
a more effective and efficient MCrAlX bond coat and overlay coating to be developed for 
turbine blades. 
Oxidation and Corrosion 
The addition of MCrAlX coatings on the superalloy substrates provides protection against 
oxidation and corrosion. The protective action is due to the reaction with O present in the 
operating environment [3]. This interaction between the coating and O forms dense, 
continuous and adherent oxide scales on the substrate. This oxide scale protects against 
further losses due to oxidation. Elements such as Al and Cr within the MCrAlX coating 
readily form protective oxide scales. During operation, the oxide scale might be damaged 
due to the thermal stresses over time; however, the scale can be restored by further 
oxidation as long as there are sufficient scale forming elements remaining in the coating 
[3]. 
The growth kinetics and adhesion of the oxide scale (TGO) are to a large extent 
determined by the amount and distribution of Y-oxide inclusions in the scale. Oxide 
scales with a regularly distributed and larger amount of small Y-oxide inclusions are 
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faster growing, but perform better in thermal cycle tests. Spinel oxides are considered 
detrimental for long-term oxidation performance, but their amount is usually limited on 
most types of MCrAlX coatings due to the rapid supply of Al along the numerous grain 
and phase boundaries in the fine-grained coatings [49]. 
The key instruments that can be employed to manipulate the oxidation behaviour of 
MCrAlX coatings are [49]: 
• The composition and size of the main phases in the coating (γ-Ni and β-NiAl), 
• The initial distribution, chemical state (metallic or oxidised) and reservoir of the Y 
in the coating, 
• The composition and roughness at the coating surface, and 
• The oxidation conditions during post-deposition heat treatment (temperature, time, 
partial O pressure). 
The degradation of high temperature coatings and alloys has been investigated in detail 
by several authors [34, 78, 79]. Rhys-Jones’ results [34, 80] indicated that the operating 
temperature has a marked influence on the life of coatings. An increase in operating 
temperature from 950 to 1050°C results in approximately an order of magnitude decrease 
in coating life under oxidising conditions. Burner rig testing has shown that Pt-aluminide 
coatings have increased life and stability over aluminides. Similar testing has shown that 
the use of a Co-18Cr-11Al-Y overlay system will further improve coating service life 
over aluminides under burner rig testing conditions. Some researchers even combine 
diffusion and/or overlay systems to form duplex coatings and testing results shown that 
the Co-Ni-Cr-Al-Y/aluminised system provides adequate oxidation and corrosion 
protection while the Ni-Cr-Al-Y/aluminised system is 50% penetrated by oxidation and 
corrosion processes [34]. Owing to the large temperature gradient that exists along the 
length of a turbine blade, it is possible for both types of hot-salt corrosion to occur on one 
component [9]. 
Coating-Substrate Inter-diffusion Effects 
There is an inter-diffusion zone at the coating-substrate interface when the coated alloy is 
exposed to high temperature. The formation of this zone is due to the compositional 
difference between the coating and the substrate [3, 33, 34]. Modern single crystal 
superalloys contain a certain amount of heavy elements such as Co, Ta, Hf, W, Re, and 
Mo; whereas the contents of Al and Cr are relatively lower. The MCrAlX coatings on the 
34 
 
other hand have higher levels of Al and Cr due to their surface protection function and the 
contents of heavy elements are lower in the coating than that in the substrate alloys. 
Al in the coating is lost both due to its consumption by the oxide scale on the coating 
surface and inter-diffusion with the substrate. Therefore, the useful life of the coating is 
mainly dependent on the content of Al; the critical content of Al could be used as an 
indication as to when the coating should be replaced [3]. Elements such as Ni, Co, Cr, Ti, 
W, Hf, C etc. will be diffusing into the coating leading to the formation of detrimental 
phases, modifications of the microstructure and coating properties. Some of the main 
changes are stated as below [14]: 
• Carbides and secondary reaction zone (SRZ) will also be occurred within the 
coating-substrate inter-diffusion zone. The SRZs reduce the load-bearing cross-
section of the component and may act as a source of fatigue crack generation. 
• The migration of Ti into the coating will enhance Al2O3 scale growth rate. 
• Mo and V from the substrate migrate to the coating and decrease the hot corrosion 
resistance. 
• Grain growth occurs within the inter-diffusion zone. 
• Cr-rich precipitations forms within the coating and reduces ductility of the system. 
• Kirkendall porosity forms in some systems due to unbalanced diffusion of species 
into and out of the substrate alloy. 
Mechanical Properties 
Rhys-Jones [34] and Goward [41] have discussed the mechanical properties of coating 
systems on gas turbine components to a limited extent. During service, thermal and 
mechanical cycles will induce strains in the coating/substrate system. The strain will 
consist of thermal and mechanical deformation stains due to component operation and 
thermal expansion mismatch strains at the alloy/coating interface. Under the strain-
temperature conditions, the performance of the coating system will depend on the 
following factors: the actual strain-temperature cycles experienced by the component; 
composition, structure and thickness of the coating; coating substrate interactions; the 
operating environment and coating strain tolerance. 
The nature of creep depends on the material, stress, temperature, and environment. 
Limited creep (less than 1%) is desired for turbine blade application [17]. Cast 
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superalloys fail with only a minimum elongation. These alloys fail in brittle fracture—
even at elevated operating temperature. 
Ductility is commonly measured by elongation and reduction in area. At high 
temperatures or stresses, very little primary creep is seen, while in the case of cast 
superalloys, failure occurs with just a small extension. This amount of extension is 
ductility [17]. In a time-creep curve there are two elongations of interest. One elongation 
is from the plastic strain rate, and the second elongation is the total elongation or the 
elongation at fracture. 
Ductility is erratic in its behaviour and is not always repeatable. Ductility of a metal is 
affected by the grain size, the specimen shape, and the techniques used for manufacturing. 
There are two types of fractures that result from elongation: brittle and ductile, depending 
on the alloy. A brittle fracture is intergranular with little or no elongation. A ductile 
fracture is transgranular and typical of normal ductile tensile fracture. Turbine blade 
alloys tend to indicate low ductility at operating temperatures. As a result, surface notches 
are initiated by erosion or corrosion, and then cracks are propagated rapidly. 
The ductile-brittle transition temperatures (DBTT) for a range of high temperature 
coating systems are listed in Table  2-5 and Table  2-6 [34,78], from which it is evident 
that MCrAlX coatings are generally more ductile than aluminides, with ductility 
depending upon the Al and Cr content. Pt-aluminide coatings exhibit a somewhat higher 
DBTT than pack aluminides due to the presence of PtAl2 at the coating surface. The 
importance of substrate chemistry on coating behaviour is shown by the fact that a pack 
aluminide coating on a Co-base alloy exhibits a higher DBTT than the same coating on a 
Ni-based alloy, due to the relative DBTT of Co-Al and Ni-Al (Co-Al> Ni-Al). 
Meetham [81] indicated that a ductile overlay coating system is better than an aluminide 
coating system. The turbine blades of certain models of the Rolls-Royce plc Pegasus 
engine initially coated with ‘normal thickness’ aluminide, experienced coating cracking 
problems. Decreasing the aluminide thickness reduced the extent of cracking but also 
markedly lowered the effective corrosion protection afforded by the coating. Introduction 
of a thicker, more ductile Co-18Cr-9Al-Y overlay system resulted in enhanced corrosion 
resistance but did not completely alleviate the cracking problem. Decreasing the Al 
content of the overlay increased the coating ductility, markedly decreased the 
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susceptibility to cracking, produced a major increase in cycle life and provided superior 
corrosion resistance compared with aluminide coatings. 
Table  2-5 Ductile brittle transition temperatures at 1% stain to crack for various aluminide and overlay 
coating systems [34]. 
Material DBTT at 1% strain to crack (°C) 
Ni-35Al 740 
Co-35Al 970 
PtAl2 870-1070 
Ni2Al3 570-710 
NiAl 868-1060 
Ni3Al 730-900 
Co-15Cr-9Al-Y 230-250 
Co-18Cr-11Al-Y 440-470 
Co-20Cr-12.5Al-Y 660-680 
Co-23Cr-12Al-Y 740 
Co-27Cr-12Al-Y 910 
Ni-38Cr-11Al-Y 430 
 
Table  2-6 Average cracking strains of low pressure plasma sprayed and PVD overlays and diffused 
aluminide coatings on B199 + Hf at 315°C [78]. 
Coating Process % Strain to first observed crack 
‘Typical’ aluminide Diffused 0.2 
Ni-Co-Cr-Al-Y EBPVD 1.0 
Ni-Co-Cr-Al-Y LPPS 1.5 
Ni-Co-Cr-Al-Y + 1.6Si LPPS 0.9 
Ni-Co-Cr-Al-Y + 8.5Ta LPPS 0.5 
Ni-Co-Cr-Al-Y + 0.7Hf LPPS 1.25 
Co-Cr-Al-Y EBPVD 0.4 
Co-Cr-Al-Y LPPS 0.6 
Co-Cr-Al-Y LPPS + HIP 1.45 
Co-Cr-Al-Y + 2Si LPPS 0.3 
Co-29Cr-11Al-Y LPPS 0.45 
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In general, high temperature components will undergo a static loading and the material 
exhibits creep; and then to cyclic loading and the material undergoes fatigue [82]. 
Thermal fatigue of turbine blades is a secondary failure mechanism [17]. Temperature 
differentials developed during starting and stopping of the turbine produce thermal stress. 
The cycling of these thermal stresses is thermal fatigue. Thermal fatigue is low-cycle and 
similar to a creep-rupture failure. The analysis of thermal fatigue is essentially a problem 
in heat transfer and properties such as modulus of elasticity, coefficient of thermal 
expansion, and thermal conductivity. 
The most important metallurgical factors are ductility and toughness. Highly ductile 
materials tend to be more resistant to thermal fatigue. They also seem more resistant to 
crack initiation and propagation. 
2.5 Summary 
This chapter has briefly reviewed the development of superalloys in the application of 
turbine blades, illustrating their typical compositions, microstructures and phases. Service 
environments including oxidation and hot corrosion have been discussed, followed by a 
detailed discussion on the current coating systems that are used including aluminides, 
MCrAlX and TBC coatings. Attention has been paid on the MCrAlX coatings for both 
overlay and bond coat applications, in terms of compositions/microstructures, deposition 
processes and performance in service. These provided a general understanding of the 
materials used in turbine blades in power generation, which was used as guidance later in 
this project on coating design. A detailed literature survey in terms of current MCrAlX 
coatings is given in Chapter 6 as a part of new coating design route. 
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3.1 Introduction 
This chapter describes the details of the materials examined in this work and the 
experimental methods used. A variety of advanced characterisation techniques has been 
used including field emission gun scanning electron microscopy (FEGSEM), 
transmission electron microscopy (TEM) and energy dispersive X-ray (EDX) analysis. A 
dual beam focused ion beam FIB/FEGSEM was used to prepare site-specific samples for 
analysis in the TEM. Thermodynamic equilibrium calculations and diffusion simulations 
were carried out in parallel to the experimental work, allowing a comparison between 
experimental data and simulation predictions to be made. 
3.2 Materials 
Three types of sample were investigated; commercially manufactured coatings, LPPS and 
HVOF sprayed coatings, and oxidation resistant coatings designed as part of this research 
programme. Detailed information concerning these three types of sample is given in the 
following sections. 
3.2.1 Commercially Manufactured MCrAlX Coatings 
Three commercially manufactured MCrAlX coating powders were provided by the 
University of Nottingham and their nominal compositions and powder size range are 
listed in Table  3-1. The two Amdry powders have the same nominal composition but 
were manufactured in different batches. In addition the University of Nottingham also 
provided a set of ‘wipe’ samples. These samples were sprayed using a high velocity oxy-
fuel(HVOF) gun and the coating powders was only sprayed across the steel substrate in 
one pass, using different spraying parameters as shown in Table  3-2. A series of 
preliminary tests were carried out on these samples at Nottingham including particle 
temperature, velocity and diameter measurements. These results indicated that the coating 
sprayed using condition c presented the most desirable microstructure. A set of free-
standing coatings were also provided by the University of Nottingham. These free-
standing coatings were firstly sprayed onto a steel substrate using the HVOF spray gun 
using condition c from Table  3-2, and then de-bonded from the substrate. One sample 
bonded to the substrate was also provided for reference. A series of heat treatments as 
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listed in Table  3-3 were subsequently carried out on the de-bonded coatings using 
laboratory furnaces, which allowed the study of the microstructural evolution in the 
coating without interference from inter-diffusion with the matrix. After the heat 
treatments, samples were then mounted into edge retaining conductive Bakelite for 
microstructural analysis. 
Table  3-1 Nominal compositions of the commercially manufactured coating powders in wt.%. 
Powder Name Size Range Elements (wt. %) 
(μm) Ni Al Co Cr Y 
Praxair 20-45 32.2 8.6 37.0 21.7 0.5 
Amdry 995 5-37 32.0 8.0 38.5 21.0 0.5 
Amdry 9951 5-37 32.0 8.0 38.5 21.0 0.5 
 
Table  3-2 Spraying parameters of the splashed samples, with the best condition highlighted in red. 
Sample ID Powder Name Size range 
(µm) 
Oxygen flow 
rate 
(litre/min) 
Kerosene flow 
rate 
(litre/min) 
Flow ratio 
(K/O) 
a Praxair (PA) 20~45 754 0.390 5.172*10-4 
b Praxair (PA) 20~45 769 0.362 4.707*10-4 
c Praxair (PA) 20~45 920 0.476 5.124*10-4 
d Praxair (PA) 20~45 939 0.442 4.707*10-4 
e Amdry 9951 5~37 769 0.362 4.707*10-4 
 
Table  3-3 Heat treatment conditions of the free-standing coating samples. 
Sample ID Sample preparation Sample condition 
P920 Q Cross section on steel 
substrate 
As sprayed 
 
P920 only 
V1 
Free-standing cross section As Sprayed + 1hr@1100°C in vacuum 
 
P920 V1 
A24 
Free-standing cross section As Sprayed + 1hr@1100°C in vacuum + 
24hr@1100°C in air 
P920 V1 
A96 
Free-standing cross section As Sprayed + 1hr@1100°C in vacuum + 
96hr@1100°C in air 
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3.2.2 HVOF/LPPS Sprayed MCrAlX Coatings 
A set of six MCrAlX coatings with three very similar compositions has been studied. The 
nominal compositions of these coatings are listed in Table  3-4. These coatings were 
sprayed using either a high velocity oxy-fuel (HVOF) or a low-pressure plasma spray 
(LPPS) process, and have been examined in three conditions, including the as-received 
condition, short term aged and long term aged at high temperature. The spraying method, 
coating name and heat treatment condition of these coatings are listed in Table  3-5. 
Table  3-4 Nominal compositions of the HVOF and LPPS sprayed MCrAlX coatings in wt.%. 
Coating name Ni Al Co Cr Y 
CT102 32 8 38.3 21 0.7 
Co-211 32 8 38.5 21 0.5 
Praxair 32.2 8.6 37 21.7 0.5 
 
Table  3-5 Heat treatment history of the HVOF and LPPS sprayed coatings. 
Spraying Method Coating Sprayed Heat Treatment Condition 
LPPS CT102 without TBC As-received 
CT102 without TBC 100h at 940˚C in air 
CT102 APS TBC 2000h at 1000˚C in air 
HVOF Praxair As-sprayed 
Praxair 1h in vacuum and 96h in air at 1100˚C 
Co-211 APS TBC 2000h at 1000˚C in air 
 
The long-term aged HVOF sprayed coating and all of the LPPS sprayed coatings were 
commercially manufactured, therefore, there was a pre-service processing treatment 
applied after they were sprayed. The remaining two coatings were not commercially 
sprayed, and no pre-service processing was applied. The two types of coatings in the 
initial condition without ageing have therefore been referred to with different terms in this 
work; the LPPS sprayed coating with the pre-service processing is termed an as-received 
coating, whereas the HVOF sprayed coating without the pre-service processing is termed 
an as-sprayed coating. Both the LPPS and HVOF sprayed coatings that underwent long-
term ageing had an air plasma sprayed (APS) thermal barrier coating (TBC) topcoat, 
which has the standard 8 wt.% yttrium stabilised zirconia (YSZ) composition. 
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3.2.3 Designed Oxidation Resistant MCrAlX Coated Systems 
Three NiCoCrAlY type oxidation resistant coating compositions were designed (see 
Chapter 6) at Loughborough University as part of this overall research programme 
denoted A, B and C, the nominal compositions of which are given in Table  3-6. The 
coating powders were made by H.C. Starck in Germany and then sprayed onto two 
widely used Ni-based superalloys (IN738 and CMSX4) by the University of Nottingham 
using a high velocity oxy-fuel (HVOF) process. Prior to coating, the substrate plates 
(6×1.5×0.2 cm) were grit blasted using alumina. Following the coating procedure the 
coated systems were given a 1 hour vacuum heat treatment at 1100°C to increase the 
adhesion between the coating and substrate. In addition, a layer of 8 wt.% yttria stabilised 
zirconia (YSZ) TBC was sprayed using APS on half of the coated systems after the 
vacuum heat treatment. The vacuum heat treatment and the application of the APS TBC 
were carried out by Turbine Surface Technologies Ltd, Nottingham. 
Table  3-6 Compositions of the oxidation resistant coatings that were designed at Loughborough 
University. 
Powder 
Name 
Elements (wt. %) 
Ni Al Co Cr Ta Y Si Hf 
A Bal. 12 20 22.5 0.0 0.3 0.3 0.3 
B Bal. 12 20 11.25 6.0 0.3 0.3 0.3 
C Bal. 12 20 22.5 3.5 0.3 0.3 0.3 
 
These coated plates were cut perpendicular to the longitudinal axis into pieces with a size 
of 1.5×0.5×0.2 cm, using an Accutom 5 circular saw, equipped with either a 50A13 Al 
oxide blade or a 330CA diamond for the samples without and with the TBC topcoat 
respectively. The samples were cut at speeds of 0.005 mm s-1, using considerable 
amounts of cooling fluid, to avoid coating spallation. 
A heat treatment programme was carried out to provide a systematic study of the 
microstructural evolution of the coated systems as a function of time and temperature. 
The temperatures were chosen to be representative of the service conditions experienced 
by industrial turbine blades. The coated systems (both with and without the TBC topcoat 
systems) were isothermally aged in a laboratory furnace at three temperatures 880, 940 
and 1000°C for 100h, 1500h and 3,000h, followed by cooling in air. The details of heat 
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treatment times and temperatures are given in Table  3-7; the tick marks indicate the 
samples which have been heat-treated in this project. Due to the limited time available, 
only the coated CMSX4 systems were characterised in the project. 
Table  3-7 Heat treatment times and temperatures carried out on the designed oxidation resistant coated 
systems in a laboratory furnace in air. 
Temperature (°C) Time (hours) 
100 1500 3000 
880 ✓ ✓ ✓ 
940 ✓   
1000 ✓ ✓ ✓ 
3.3 Sample Preparation 
After the heat treatments, the coating cross sections were prepared by mounting in edge 
retaining conductive Bakelite. The samples were then ground on successively finer grades 
of Struers MD-Piano disc with resin bonded diamonds from 220, 600 to 1200 grit to 
eliminate deep scratches, before fine polishing with 9, 3 and 1 μm diamond suspensions. 
In order to remove residual surface damage caused by prior polishing, a 20-30 minute 
final polishing stage was applied to the samples using the Struers colloidal silica 
suspension with a pH of 9.8 and a grain size of ~ 0.04 μm and a Struers MD-Chem 
polishing cloth. The final polishing procedure is required mainly for the ion induced 
electron imaging and electron backscatter diffraction (EBSD) techniques, but in this 
research, all samples were prepared with this procedure. The chosen polishing time for 
samples without the TBC topcoat were slightly different from those samples with the 
TBC topcoat, and the details are illustrated in Figure  3-1 and Figure  3-2 respectively. The 
polished samples were then cleaned using methanol immediately after polishing to avoid 
crystallisation of colloidal silica on the specimen surface. Chemical etches were not used 
in this research. The mounted free-standing coatings and other coated sample were also 
prepared using the same grinding/polishing procedures. 
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Figure  3-1 A flow chart illustrating the grinding and polishing procedures used for the coatings without 
the TBC. 
 
Figure  3-2 A flow chart illustrating the grinding and polishing procedures used for the coatings with the 
TBC. 
* PCD stands for polycrystal diamonds; CS stands for colloidal silica.  
Coarse 
grinding  
(2 min) 
Fine 
grinding  
(2 min) 
9 µm PCD 
(3 min) 
3 µm 
(12 min) 
1 µm 
(12 min) 
0.04 µm 
CS 
(20 min) 
Coarse 
grinding  
(3 min) 
Fine 
grinding  
(3 min) 
9 µm 
(10 min) 
3 µm 
(10 min) 
1 µm 
(10 min) 
0.04 µm 
CS 
(30 min) 
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3.4 Microscopy Techniques 
3.4.1 Field Emission Gun Scanning Electron Microscopy 
Scanning electron microscopy (SEM) was used to study the microstructures of the cross-
sections of coatings and was performed using a Zeiss 1530 FEGSEM system and an fei 
Nova 600 NanoLab dual beam focused ion beam (FIB)/FEGSEM system. Both systems 
are equipped with secondary electron (SE), backscattered electron (BSE) and an energy 
dispersive X-ray spectroscopy (EDX) detectors. 
Imaging 
Images were taken using a SE detector and a BSE detector for sample surface topography 
and compositional information respectively. These images were mainly taken using the 
Zeiss FEGSEM and the system was generally operated at 20 kV with an aperture size of 
60 μm. Low voltage (typically 10 kV) was used for improved resolution BSE imaging. 
Ion beam induced secondary electron images were taken using the dual beam system to 
reveal the distribution of Y-containing particles. 
Chemical Analysis 
EDX was performed using both the Zeiss FEGSEM and the dual beam FIB/FEGSEM 
system. An Xmax 80 EDX detector is attached to the Zeiss FEGSEM and all EDX data 
were collected using the Oxford Instruments Aztec/Inca software. On the dual beam 
system, an Apollo XL 30 EDX detector is installed and all the EDX data were collected 
using Genesis Pegasus software. The main difference between these two detectors is the 
detector size as implied by their names: the Xmax 80 detector has a size of 80 mm 
whereas the Apollo XL has size of 30 mm. This detector size difference results in the 
different operating parameters used for EDX data collection on the two systems. 
Three different EDX data collection modes were used in this project. Spot analysis was 
used for compositional characterisation of the different phases present within the coatings. 
EDX mapping provided elemental distribution information of selected areas and was 
intensively used for study of the oxide scale and chemical distribution across the coatings. 
EDX matrix data were obtained from multi-point analysis across the coated system as 
illustrated in Figure  3-3. In this project, all the matrix data were collected from a 15 × 15 
matrix that was distributed across the coated system from the coating surface into the 
substrate. The composition profile was calculated by taking the average chemical data 
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from each row, which gave the composition profile across the coating and was used to 
compare with the model simulation. 
 
Figure  3-3 An illustration of multi-points (matrix) data that collected across the cross section of a coated 
system. 
All the spot analysis and mapping EDX data were acquired on the Zeiss FEGSEM system 
with the operating parameters listed in Table  3-8. All of the multi-point EDX was 
performed using the EDAX Genesis system on the dual beam system using the operating 
parameters listed in Table  3-9. 
Table  3-8 Operating parameters used for chemical analysis on the FEGSEM system. 
EDX Mode Operation Parameters 
Voltage Aperture Size 
(μm) 
Data Collection 
Time 
Working Distance 
(mm) 
Spot 20 kV 120 10 seconds 8.5 
Map 20 kV 120 12 frames 8.5 
 
Table  3-9 Operating parameters used for chemical analysis on the dual beam system. 
EDX Mode Operation Parameters 
Voltage Aperture Size 
(μm) 
Amp Time 
(μs) 
Data Collection Time 
(s) 
Working Distance 
(mm) 
Matrix 20 kV 30 1.6 10 seconds 5 
 
3.4.2 Dual Beam Focused Ion Beam/Electron Beam Microscopy 
An fei Nova 600 NanoLab dual beam focused ion beam FIB/FEGSEM system was 
intensively used for several purposes including preparation of site specific samples for 
TEM analysis, ion induced secondary electron imaging of selected areas and studying the 
distribution of Y-containing particles within coatings. 
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This instrument possesses both a FEGSEM and a FIB column. The FIB system operates 
in a similar manner to a scanning electron microscope (SEM) except that rather than a 
beam of electrons as the name implies, it uses a finely focused beam of gallium ions that 
can be operated at low beam currents for imaging or high beam currents for site specific 
sputtering or milling. 
Site Specific ‘In-situ’ Lift Out of TEM Samples 
The ‘in-situ’ lift out technique was used to provide site specific electron transparent cross 
sections of ~ 20 x 5 μm as illustrated in Figure  3-4. This procedure consists of four steps 
and they are explained in detail in the following sections. 
Step 1: Deposition of Pt layers 
Initially, the area of interest was selected and the size of the sample to be lifted out was 
determined. A layer of Pt (0.3 μm thick) was then deposited by the electron beam to allow 
the characterisation to be carried out on the sample surface. Another layer of Pt (2-3 μm 
thick) was then deposited by the ion beam onto the area of the interest (Figure  3-4a) to 
homogenise the cutting and protect the sample surface from ion beam damage in the 
subsequent preparation steps. 
Table  3-10 Operating parameters used for deposition of Pt layers. 
Lift out Stages Operation Parameters 
Stage Angle 
Tilt  
Voltage Current Beam Source Box Drawing 
First Pt Layer 
Deposition 
0° 3 kV 2.4 nA Electron Beam 
Pt 
Rectangular 
Second Pt Layer 
Deposition 
52° 30 kV 0.30 nA Ion Beam Pt Rectangular 
 
Step 2: Trench production and cross-section cleaning 
After the deposition of the two Pt layers on the top of the selected area, the ion beam was 
used to make rectangular trenches on both sides with a distance of 2-3 μm away from the 
defined area of interest. A cross section cleaning step was carried out on both sides of the 
selected area (Figure  3-4b) this involved milling with a series of lines that gradually 
approach the cross-sectional surface of interest. 
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Table  3-11 The operating parameters used for the trench production and cross-section cleaning. 
Lift out Stages Operation Parameters 
Stage Angle Tilt  Voltage Current Beam Source Box Drawing 
Trench Production 52° 30 kV 20 nA Ion Beam Regular Cross 
Section 
Cross Section 
Cleaning 
52, 53.5 and 
50.5° 
30 kV 7 then 
3nA 
Ion Beam Cross Section 
Cleaning 
 
Step 3: Sample transfer 
A U shaped cut was then made using the ion beam which resulted in the sample being 
attached by only one small ligament on either side (Figure  3-4c). After the U shaped 
cutting, the Omniprobe micromanipulator was carefully inserted and the Pt gas injection 
system (GIS) was used to weld the sample onto the manipulator with Pt. The TEM 
sample was then cut away from the bulk sample using the ion beam (Figure  3-4d). The 
sample was transferred to a copper omniprobe half TEM grid and welded onto the grid 
using Pt (Figure  3-4e). This type of TEM grid has three docking platforms; two V-shaped 
at both sides with a ‘flag wing’ platform in the middle. Figure  3-4e shows a sample that 
was attached to a V-shaped platform; this type of attachment provides further support for 
the sample during the final thinning stage. Therefore, V-shaped attachments were used 
for the preparation of ultra-thin samples (thickness < 100 nm). The ‘flag wing’ platform 
was used for small powder samples, the advantage of this position is reduced re-
deposition from the copper grid is expected.  
Table  3-12 Operating parameters used for sample transfer step. 
Lift out Stages 
 
Operation Parameters 
Stage Angle 
Tilt  
Voltage Current Beam Source Box Drawing 
U-Shape Cutting 7° 30 kV 3 nA Ion Beam Rectangular 
Probe Attachment 0° 30 kV 30 pA Ion Beam Pt Rectangular 
Grid Attachment 52° 30 kV 30 pA Ion Beam Pt Rectangular 
  
48 
 
Step 4: Final thinning 
Finally, the sample was milled progressively until the sample was electron transparent, 
ready for examination in the TEM (Figure  3-4f). The final thickness of the TEM samples 
varied depending on which technique was used to examine the sample. For general 
microstructural characterisation and elemental mapping using scanning transmission 
electron microscopy (STEM), a final thickness < 200 nm is required; for chemical 
mapping thickness homogeneity is important for optimised results. For the selected area 
diffraction (SAD) technique, a final thickness ~ 150 nm is required; for electron energy-
loss spectroscopy (EELS), the sample thickness needs to be less than 50 nm to ensure that 
the majority of transmitted electrons lose energy from only one interaction with the 
sample. 
Table  3-13 Operating parameters used for the final thinning step. 
Lift out Stages 
 
Operation Parameters 
Stage Angle 
Tilt  
Voltage Current Beam Source Box Drawing 
Final Thinning 
 
*52, 53.5 and 
50.5° 
30 kV 1 nA, 0.5 nA 
then 0.3 nA 
Ion Beam Cross section 
Cleaning 
Ultra Final 
Thinning 
*52, 53 and 
51° 
30 kV then 5 
kV 
100 pA then 70 
pA 
Ion Beam Cross section 
Cleaning then 
Rectangular 
*The angles used in the final thinning stage may be different from values that listed in the table, because it 
was important to find an angle where the sample could be observed straight down in the ion beam mode 
and then tilted to ± 1.5° (± 1° for TITAN samples). 
For samples to be examined using STEM and SAD techniques, normal final thinning 
procedure was carried out as listed in Table  3-13. For samples to be examined using 
EELS technique, an ultra final thinning procedure was carried out using low voltage to 
minimise FIB induced damage on the surface of the sample. 
Powder samples for EBSD characterisation were also prepared using the same technique 
on the dual beam system. The process of powder lifting out is very similar to that of the 
TEM sample lift out, as illustrated in Figure  3-5. The only difference was that the loose 
powders were sprinkled on top of a piece of gold-coated glass that was attached to an Al 
stub. 
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(a) 
 
(b) 
 
(c) 
 
(d) 
 
(e) 
 
(f) 
Figure  3-4 Images obtained during site specific lift out of TEM samples; (a) the deposition of two Pt layers, (b) cut trenches and cross section cleaning, (c) U shaped 
cutting, (d) sample welded on the micromanipulator and lift out, (e) transfer of sample to V-shape platform and (f) electron transparent sample after final thinning. 
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(a) 
 
(b) 
 
(c) 
 
(d) 
 
(e) 
 
(f) 
Figure  3-5 Images obtained during site specific lift out of an individual powder particle; (a) select a specific powder in the electron beam, (b)insert both 
micromanipulator and Pt needle, (c) after welded the powder to the probe, (d) transferred sample to a ‘flag wing’, (e) attached the powder to the grid by depositing Pt 
and (f) using ion beam milling to obtain a smooth area of the sample. 
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Ion Beam Imaging 
An ion-induced secondary electron imaging technique was used in the project to 
investigate the distribution of Y-containing particles within differently aged coating 
systems as listed in Table  3-5. Table  3-14 illustrates the detailed operating parameters 
that were used to collect ion-induced secondary electron images in this project. It is worth 
noting that the ion dose is important, as the ion beam will etch the sample progressively 
while taking the image. The ion dose is affected by several factors: current, dwell time 
and magnification. 
Table  3-14 Operating parameters used for the collection of ion-induced secondary electron images. 
Magnification 
Voltage 
(kV) 
Current 
(pA) 
Dwell Time 
(μs) 
Contrast 
(%) 
Brightness 
(%) 
Low mag 30 100 100 70-80 20-30 
High mag 30 30-50 80 70-80 20-30 
 
The conductivity contrast mechanism of the ion beam imaging technique, which is 
illustrated in Figure  3-6, was used to reveal the Y-containing particles. As the incident 
focused Ga+ ion beam scans across the sample surface, positive charges accumulate on 
the surfaces of non-conductive secondary phase particles such as carbides in a metal 
matrix. These positive charges reduce the number of low energy ion-induced secondary 
electrons that are able to leave the surface. Therefore, fewer ion-induced secondary 
electrons are collected by the detector from the non-conductive particles than from the 
conductive metal matrix. Consequently particles have lower brightness than the matrix in 
the image and can be successfully discriminated from the matrix using image analysis. 
The Y-containing particles behaved in a similar way after a few scans of ion beam and 
EDX spot analysis was also used in conjunction with the ion imaging to confirm the 
presence of Y. 
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Figure  3-6 Schematic illustration of ion-induced secondary electron imaging conductivity contrast 
mechanism. 
3.4.3 Transmission Electron Microscopy 
Transmission electron microscopy (TEM) was used to study internal microstructural 
features and crystallographic and chemical information of the coating powders with high 
spatial resolution. The electron diffraction technique was used to identify phases present 
within the coating powders and determine the phases of those Y-containing particles. 
Other techniques such as energy dispersive X-ray spectroscopy (EDX), scanning 
transmission electron microscopy (STEM) and electron energy-loss spectroscopy (EELS) 
were also used to obtain the chemical distributions in particular regions of powder 
particles and coatings. 
During this research, three TEM systems were used: a Jeol Jem-2000FX TEM, an Fei 
Tecnai F20 Field emission TEM/STEM and an Fei Titan system (at Imperial College 
London). The major differences between these three are the electron sources used of these 
systems. The 2000FX uses a thermionic (tungsten filament) electron source with a typical 
beam voltage of 200 kV, and it is equipped with an Erlangshen ES500W (Gatan) CCD 
camera. In addition, an Oxford instruments Inca (EDX) system is attached to the system. 
This system was used primarily for general microstructural characterisation, preliminary 
EDX microanalysis and phase determination. The operating parameters of the 2000FX 
system for different techniques are listed in Table  3-15. 
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Table  3-15 Operating parameters used on the Jeol Jem-2000FX TEM for different techniques. 
Technique Operation Parameters 
Voltage Apertures Used Spot Size 
Imaging 200 kV Condenser and objective 1 
EDX 200 kV Condenser 5 
Electron Diffraction 200 kV Condenser and diffraction 2 or 3 
 
The Fei Tecnai F20 hybrid TEM/STEM system uses a Schottky field emission source and 
its typical operating voltage is 200 kV. This hybrid system is equipped with an Oxford 
Instruments EDX detector, and a high angle annular dark field (HAADF) STEM detector. 
This system was used to collect HAADF images and EDX maps to investigate chemical 
distributions in particular regions of powder particles and coatings. An Fei Titan hybrid 
TEM/STEM system uses a field emission gun as the electron source and it typically 
operates at 300 kV. This system is equipped with an electron energy-loss spectroscopy 
(EELS) system and was used to obtain EELS maps in particular regions of powder 
particles and coatings. 
Electron Diffraction Pattern Interpretation 
TEM allows diffraction information to be obtained from small specific (sub-micron) areas 
that can be correlated with the image (selected area diffraction) giving crystallographic 
information from particular phases in the sample. A double tilt holder that allows sample 
tilting in both α and β directions was used to collect diffraction patterns. The procedure 
was first to find the grain of interest and adjust the focus and stigmation at the eucentric 
height (7 mm in this case). Then tilt the sample until the Kikuchi bands are aligned at a 
low order zone axis. Then insert the diffraction aperture, illuminate with a parallel 
electron beam and collect the diffraction pattern. 
Diffraction patterns were analysed using the Bragg equation (Equation 3.1). This could be 
modified to Equation 3.2 and used for the determination of the spacing of the diffracting 
planes (d), where λ is the wavelength of electrons at 200 kV, and L is the camera length 
(constant), and R is the distance from transmitted beam spot to diffracted beam spot or 
rings. 
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Equation  3-1 
2dsinθ = nλ 
Equation  3-2 
λL=Rd 
The procedure used in order to index electron diffraction patterns is described below: 
• Calibration and camera constant measurement were carried out before plane spacing 
determination, using a reference diffraction pattern that was obtained under the same 
operating conditions as the patterns of interest. 
• The distance between three diffraction spots (r) were measured with the use of a 
ruler, as illustrated in Figure  3-7. 
• Angles between the 3 pairs of vectors (α, β and γ) were measured. 
• Plane spacings d1, d2 and d3 were determined by the Equation 3.2, using the camera 
length that had been previously calibrated. 
• Importing the ‘d’ values [56] and angles into the software program Practical 
Crystallography version 1.6 developed by H.K.D.H. Bhadeshia. This software 
determines possible matches to the relevant phases present within the sample. The 
PDF database  was used to obtain a table of the crystallographic data of the phases of 
interest. 
 
Figure  3-7 Schematic diagram of a diffraction pattern illustrating the distances and angles measured for 
phase identification. 
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Scanning Transmission Electron Microscopy 
The microstructure of specific areas was examined in the HAADF mode. The camera 
length and collection semi-angle were varied during image collection so the contrast of 
image was optimised. More diffraction contrast can be obtained by increasing the camera 
length; ‘Z’ contrast (atomic contrast) was optimised by decreasing the camera length and 
using an appropriate condenser aperture. Chemical map data were collected to study the 
chemistry distribution within the powder particles and coated samples. Line scans and 
spot EDX data were also used to measure chemistry variation across a feature and 
chemistry data within specific phases respectively. 
Energy Dispersive X-Ray Analysis 
Energy dispersive X-ray spectroscopy (EDX) analysis was used in both the SEM and 
TEM to investigate and identify particles and phases by determining their chemical 
composition. Bulk samples are characterised using SEMs and thin samples are examined 
using TEMs. The principles of EDX analysis can be applied for both SEM and TEM; 
however, there are some important differences. Operating voltages on the SEMs are 
typically 20 kV while TEMs operate at much higher voltages (200 kV). Higher voltages 
promote higher energy X-ray generation in TEMs and allow the higher energy peaks in 
the spectra to be detected. EDX in the TEM provides three orders of magnitude 
improvement in spatial resolution compared with that in the SEM. Quantitative EDX data 
are obtained easily, but the accuracy depends on the statistics in the analysis and how 
well the data are processed. In addition, element overlap issues can also cause processing 
difficulties. 
The EDX data of powder particles and coatings were obtained from two systems: 2000FX 
and Tecnai F20. All the spot EDX were collected on the 2000FX using the Oxford 
Instruments INCA software and the EDX maps were collected on the Tecnai F20 using 
Aztec software. 
Electron Energy-Loss Spectroscopy (EELS) 
In this project, EELS was carried out using the Fei Titan system to investigate elemental 
segregation on the surface of coating powders. Electrons from the incident beam 
interacted with the sample and caused the energy spread within the incident and 
transmitted beam to be different. Energy loss analysis was based on those interactions 
that cause inner-shell ionisation. When the incident electron beam was directed on the 
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sample, these electrons can knock out inner shell electrons of the atoms in the sample 
leaving the atoms in a high energy excited state. Energy is released in the form of an X-
ray or Auger electron when outer shell electrons filled these inner shell vacancies, 
allowing the atoms to relax to a lower energy state. The energy lost by the incident 
electron can be measured and provides chemical information about the sample. For the 
data to be useful the incident electron should only interact with the sample once, and this 
means that the sample needs to be thin.  
3.4.4 Electron Backscatter Diffraction 
Electron backscatter diffraction (EBSD) in the SEM was used to characterise the grain 
structure and phase distribution. An Fei Nova 600 Nanolab dual beam system was used in 
this research for the collection of EBSD data. The system was equipped with a high speed 
Hikari EBSD camera and a Silicon Drift EDX detector, which allowed simultaneous 
collection of EBSD and EDX. Two types of samples were examined using this technique: 
coating powders and fully processed coating cross sections. 
Coating powder samples were prepared using the ‘in-situ’ lift out technique which was 
discussed previously. The samples lifted out from powder particles were attached onto 
TEM half grids and then cross-sectioned using the ion beam. Those fully processed 
coating cross section samples were prepared using the standard metallurgical procedures 
that were discussed in Section  3.3. After the sample preparation, TEM half grids and 
coating cross sections were then mounted on stubs that were pre-tilted to 70°. EBSD 
maps of these cross-sections were collected with the microscope operating at 20 kV and 
with a nominal current of 6.6 nA. These patterns were indexed according to the β (NiAl) 
and γ (Ni) structure files. EBSD patterns were collected at two different rates of 30 
frames per second (fps) and 260 fps for those coating powder samples and coating cross 
sections respectively. The slow rate was chosen so that statistically significant EDX data 
could be acquired simultaneously. EBSD data were collected and analysed using TSL 
OIM data collection software and analysed using OIM 5.31 Analysis. Typical EBSD 
operating parameters are listed in Table  3-16. The working distance was chosen as the 
eucentric height, which was 5 mm in this system as this is the optimum distance for both 
EBSD and EDX techniques. 
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Table  3-16 Operating parameters used for EBSD data collection. 
Operation 
Parameters 
Sample 
Pre-tilt Voltage 
Nominal 
Current 
Aperture  
Size 
Working 
Distance 
Collection 
Time Binning 
 
 
70° 20 kV 6.6 nA 50 μm Eucentric  260 fps 4 × 4 
 
3.4.5 Particle Size Distribution Analysis 
The size distribution of Y-containing particles within HVOF/LPPS sprayed and aged 
coatings was analysed using the imaging analysis software programme Image Tool 3.0. 
Figure  3-8 shows the image analysis procedure of an ion-induced SE image of Y-
containing particles using Image Tool 3.0. The Y-containing particles were selected based 
on the contrast difference from the ion induced secondary electron images and the prior 
chemical analysis of selected particles. All the selected particles were then analysed using 
Image Tool in terms of total number of particles per unit area and average particle size. 
Image Tool provided several measurement options, such as total number of particles, 
feret diameter, length, width, area, perimeter and aspect ratio and so on. However, the 
total number of particles and feret diameter were used as the main factors to quantify the 
Y-containing particles. 
Particle size distribution may be affected by “overlap” particles, in which case two or 
more closed particles may count as one when measured using Image Tool 3.0. In general, 
the “overlap” particles may decrease the number density of the particles present in 
material microstructure, and at the same time increase the mean particle size in the 
microstructure. 
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(a) 
 
(b) 
Figure  3-8 A set of representative images showing the distribution of Y-containing particles; (a) ion-
induced secondary electron image of Y-containing particles in HVOF short aged coating and (b) the 
same image after threshold process. 
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3.5 Thermodynamic Calculations and Multicomponent Diffusion 
Model 
3.5.1 Thermodynamic Calculations 
Thermodynamic modelling was used to predict the amount and chemical composition of 
the phases occurring at equilibrium within multicomponent systems as a function of 
temperature. The thermodynamic calculations are based on the minimisation of Gibbs 
free energy. When the Gibbs energy, G, of the system is at a minimum, the chemical 
potentials of the components are equalised throughout the system. Equilibrium can 
therefore be computed by minimising the Gibbs energy of the system [83]. The 
thermodynamic equilibrium calculations within this research have been performed using 
the commercial thermodynamic equilibrium software package MTDATA, in conjunction 
with a thermodynamic database for Ni-based superalloys (Ni-data 4b1 and 2), which 
contains the relevant thermodynamic coefficients [84]. This database incorporates data 
for Ni, Al, Co, Cr, Fe, Hf, Mo, Nb, Re, Ta, Ti, W, Zr, B, C and N, however, there are 
some limitations as to the range of compositions of the Ni-based alloys for which this 
database can be used [85]. This database was produced primarily for Ni-based superalloys, 
therefore when calculating coating compositions with significantly lower amounts of Ni, 
the results must be treated with caution. In addition, Y is not taken into account within 
this database; therefore care should be taken when performing calculations on Y-
containing MCrAlX coatings, especially in the lower temperature range (< 500°C). 
In this project, thermodynamic predictions such as phase stability and component 
distribution within phases as a function of temperature were calculated and compared 
with experimental results collected from EDX analysis and electron diffraction patterns. 
These comparisons can help to establish how the deposition process influences the 
coating powders. 
3.5.2 Multicomponent Diffusion Model 
A multicomponent diffusion model developed by Karunaratne et al. [3,86]was used in the 
coating development studies of this project. This model consists of a one-dimensional 
finite difference diffusion solver to calculate the component distribution, a power law 
based model for predicting surface oxidation, and a thermodynamic calculation routine 
for determining the phase evolution. The model can be used for concentration and phase 
profile forecasting and also to estimate the losses due to oxidation and the remaining life 
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of a coating based on a concentration and/or phase fraction dependent failure criteria. 
Figure  3-9 illustrates briefly how this diffusion model works. Initially, inputs such as the 
compositions of substrate and coating materials, the initial thickness of the coating and 
the temperature and time history of the coating/substrate system are required. Coupled 
models including a thermodynamic model (MTDATA), oxidation model and diffusion 
model are then used to carry out calculations to obtain outputs in terms of scale thickness, 
phase and concentration profile and metal loss. These parameters together allow the time 
to bond coat failure to be predicted. 
In this project, a series of calculations for coatings with different compositions were 
performed using this model in order to study the phase stability and composition space of 
coatings and the results have been used for coating development. 
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Figure  3-9 Schematic diagram of the multicomponent diffusion modelling process for microstructural evolution prediction in coated systems. 
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4.1 Introduction 
This chapter presents a study of selected commercial coatings that are commonly used on 
gas turbine blades, in order to establish an understanding of current MCrAlX coatings; 
particular interest was paid to the microstructural evolution of coating powder particles 
through different stages of the spraying process. Firstly, thermodynamic modelling has 
been utilised to predict the amount and chemical composition of the phases occurring at 
equilibrium within these powders, followed by a detailed microstructural characterisation 
of these initial coating powders before the spraying process, and splashed particles 
through the deposition stages and fully processed free-standing coatings at different heat 
treatment stages. The microstructure evolution of the commercial coatings is discussed 
with special attention to chemical distribution and phases present within the powders and 
coatings. 
4.2 Comparison between As-received Coating Powders Using 
Thermodynamic Equilibrium Calculations 
Three commercial coating powders were provided with their nominal compositions are 
listed in Table 3-1. These three powders had very similar compositions; the only 
difference between the two Amdry powders was that they were manufactured in different 
batches with the same nominal composition. In addition, there was a powder size 
difference between the Praxair and Amdry powders as listed in Table 3-1. However, these 
variations in composition and particle size were not large enough to affect the predicted 
phases or the resultant microstructure. Therefore, thermodynamic calculations have been 
carried out only on the Praxair and Amdry 995 powders to predict the phases that are 
present within the material at equilibrium and to give an indication of the amount and 
composition of each phase present as a function of temperature. In all the calculations 
CHAPTER 4. MICROSTRUCTURE EVOLUTION OF 
COMMERCIAL COATING POWDERS THROUGH 
DIFFERENT STAGES DURING THE SPRAYING 
PROCESS 
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performed, the nominal compositions were used as an input over a temperature range of 
300-1500°C, since the Y is not available in the Ni-based database; Ni was used as the 
balancing element to make the total composition up to 100%. 
 
(a) 
 
(b) 
 Liquid 
 Gamma prime (γʹ) 
 Gamma (γ) 
 Beta (β) 
 Sigma (σ) 
 
 
Figure  4-1 Mole fractions of phases presence at the equilibrium within (a) Praxair powders and (b) 
Amdry 995 powders. 
The mole fractions of each phase within these powders predicted are presented in 
Figure  4-1. Both of the Praxair (Figure  4-1 a) and Amdry 995 (Figure  4-1 b) powders 
were predicted to have a multi-phase structure at the equilibrium over the temperature 
range, and the phases are: liquid, γ, γʹ, β, and σ phase, some of which are only stable 
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over a limited temperature range. The two powders have a similar melting 
temperature, which is ~ 1300°C. The phase equilibrium quantities within these two 
powders are also very similar to each other. In general, the proportion of γʹ phase 
increases as the temperature decreases at the expense of γ, which becomes 
thermodynamically unstable around 600°C and 500°C in Praxair and Amdry 995 
powders respectively. Below 500°C, the model predicted that there is a small amount 
of γʹ phase formation in the Amdry 995 powders. This is probably due to the fact that 
the amount of Co in the Amdry 995 powders is slightly higher than that in the Praxair 
powder. The solubility of Co is higher in the γ phase and at lower temperatures, Co is 
more likely to form the γ phase, hence the γ phase proportion in the Amdry 995 
powders at lower temperatures is slightly higher than that in the Praxair powder. The 
β phase is predicted to remain stable over the temperature range within the two 
powders, with a maximum around 0.50 at 700°C. The sigma phase is predicted for 
both powders; however, there is a minor difference, which is in the Praxair powder 
the σ phase forms at 900°C whereas the σ phase forms at a slightly lower temperature 
(850°C) in the Amdry 995 powders. 
The overall mole fraction of each elemental component in each of the phases within 
the Praxair and Amdry 995 powders were predicted and illustrated in in Figure  4-2 
and Figure  4-3 respectively. Thermodynamic calculations predicted a very similar 
component distribution within γʹ, γ, β and σ phases for these two coating powders. 
Ni is dominant in the γʹ phase and the Ni/Al mole fraction ratio is around 3 to 1, 
which is in agreement with the chemical formula of this phase Ni3Al. In addition, Co 
is the dominant component in the γ phase with a moderate level of Cr (~ 0.30) and Al 
(~ 0.25) above 550°C. This is probably due to the fact that the solubility of Co is 
much higher in the γ phase compared to the others. Below 700°C, there is a large 
difference of component fractions within the β phase in the Praxair powders and two 
Amdry 995 powders. In the Praxair powder, the proportion of Co is steady at 0.28 
from 300° then dropping down at 550°C quickly to ~ 0.22. In Amdry 995 powders, 
the proportion of Co decreases gradually from 0.45 to 0.27 over the temperature range 
of 300~700°C. The Ni fraction is maintained at ~ 0.32 between 300~550°C and then 
increases to ~ 0.40 in the case of the Praxair powder. In the Amdry 995 powders, the 
Ni fraction starts from ~ 0.22 and increases to ~ 0.38. Both the Al and Cr fractions in 
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Praxair powders are slightly higher than that in the Amdry 995 powders. Above 
700°C, predictions show that the Ni is dominant in all three powders with moderate 
Al level. Theoretically, the mole ratio between Ni and Al within the β phase is 1 to 1, 
but in fact, there could be a range of Ni/Al ratios for the β phase. The fraction of Co in 
the Praxair powders remains at the level of 0.22 whereas it decreases in the Amdry 
powders. The fractions of Cr in all powders are at the similar level 0.08. In all 
powders, Cr and Co dominate in the σ phase. 
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(a) 
 
(b) 
 
(c) 
 
(d) 
Figure  4-2 Thermodynamic equilibrium plots illustrating the mole fraction of elements as a function of temperature in Praxair powders, (a) γʹ, (b) γ (c) β and (d) σ 
phase.  
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(a) 
 
(b) 
 
(c) 
 
(d) 
Figure  4-3 Thermodynamic equilibrium plots illustrating the mole fraction of elements as a function of temperature in Amdry 995 powders, (a) γʹ, (b) γ (c) β and (d) σ 
phase. 
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4.3 Microstructural Characterisation of As-received Coating Powders 
This section mainly presents and discusses the results of the microstructural 
investigations carried out on the as-received Praxair powders. The investigation illustrates 
the cross-section microstructure, chemical distribution and phase presence within the 
powder particles. 
4.3.1 Microstructure Overview of Praxair and Amdry 995 Powders 
Initially, an overview of the powder particles size distribution was examined for both 
Praxair and Amdry 995 powders as shown in Figure  4-4. There is a significant difference 
in the particle size distribution which can be seen between these two powders. The 
Praxair powders have a size range of 20~45 μm and the particles tend to be more evenly 
distributed, as shown in Figure  4-4 (a). The Amdry 995 powders have a wider size range 
of 5-37 μm compared to the Praxair powders, and they are considered to have a ‘bimodal’ 
type particle distribution, which means the large powder particles are surrounded by lots 
of smaller particles as shown in Figure  4-4 (b). 
 
(a)  
 
(b) 
Figure  4-4 Secondary electron images showing different particle distributions within (a) Praxair powder 
and (b) Amdry 995 powder. 
An individual powder particle was randomly selected from both the Praxair and Amdry 
995 powders and the cross-sections were examined, in order to investigate the difference 
of cross-sectional microstructure of the powders as shown in Figure  4-5. Dendritic 
structures were observed at the outer surface of both Praxair and Amdry 995 powder 
particles, as shown in Figure  4-5 (a-b). The EBSD derived inverse pole figure map as 
shown in Figure  4-5 (d) illustrates the crystallographic orientations within the Amdry 995 
powder cross-section. The dendritic structures have the same colour and hence the same 
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orientation within a single grain. The formation of these dendrites is probably during 
solidification in the powder manufacturing process. 
 
(a)  
 
(b) 
 
(c) 
 
(d) 
Inverse Pole Figure Key indicating Nickel at [100] 
 
Figure  4-5 (a-b) HAADF TEM image of a selected Praxair powder particle and a selected Amdry 995 
powder particle, (c) EBSD derived image quality (IQ) map of the selected Amdry 995 powder particle and 
(d) EBSD derived inverse pole figure (IPF) map of the Amdry 995 powder particle. 
Both the thermodynamic calculation predictions and microstructure overview results 
suggested that the small difference in the nominal chemical compositions of the Praxair 
and Amdry 995 powders has not significantly affected the phases present, the elemental 
component in each of the phases or the microstructure overview of those two powders. 
Therefore, further detailed characterisation was focused on Praxair powders throughout 
the rest of this study. 
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4.3.2 Chemical Distribution within As-received Praxair Powders 
Firstly, the average chemical composition of the as-received Praxair powder was 
examined on random powder surfaces using the EDX technique on the FEGSEM system. 
Table  4-1 listed the nominal composition and the average EDX analysis result of the as-
received Praxair powder and the experimental EDX results are consistent with the 
nominal composition provided by the manufacturer. 
Two TEM samples were then prepared from two selected Praxair powders (large and 
small as illustrated in Figure  4-6) using the lift-out technique and examined using TEM 
combined with the EDX technique for chemical analysis. Chemical data were collected at 
a series of spots, which were distributed on the boundaries, in the grains and near the 
surface respectively using the 2000FX TEM system. 
Table  4-1 A comparison between the nominal and average EDX results of Praxair powder. 
Composition Elements / wt.%  
Al Cr Co Ni Y 
Nominal Composition 8.6 21.7 37.0 32.2 0.5 
Average EDX results 7.9±0.6 21.3±0.2 35.9±0.3 34.0±0.3 1.0±0.4 
 
 
(a) 
 
(b) 
Figure  4-6 Bright field TEM images of selected Praxair powder particles; (a) an overview image of a 
large powder particle, (b) an overview image of a small powder particle. 
A summary of the EDX analysis results of the two selected Praxair powders is listed in 
the Table  4-2. The average composition in the table was calculated as the average of all 
the data collected excluding Pt present from the specimen preparation. The average 
chemical compositions of both large and small powders are generally similar to the 
nominal composition of the Praxair powder. However, Y was only found to be localised 
on the boundaries and near the powder surface. Therefore the standard deviation of values 
obtained for the Y is relatively large. 
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Table  4-2 A summary of EDX analysis results of the selected two Praxair powders. 
Composition Elements / wt.% 
Al Cr Co Ni Y 
Nominal 8.6 21.7 37.0 32.2 0.5 
Large Powder Particle 
Average 
9.1 ±2.9 23.4±3.3 37.5±3.2 29.9±2.5 0.1±1.5 
Small Powder Particle 
Average 
9.0±2.6 21.5±3.0 37.0±3.9 31.7±2.7 0.8±3.8 
 
In addition, there are two types of phases in these Praxair powders, which contain high 
and low levels of Al respectively (Table  4-3). Within both the large and small powder 
particles, the low Al phase contains ~ 7.0 wt.% of Al, whereas the high Al phase contains 
12.5-13.0 wt.% of Al. In addition, the average level of Ni varies between those two 
phases for both large and small powders. 
Table  4-3 A summary of EDX analysis results of the selected two Praxair powders. 
Composition Elements / wt.% 
Al Cr Co Ni Y 
Nominal composition 8.6 21.7 37.0 32.2 0.5 
Low Al Type in large powder particle 
 
7.4±1.2 24.8±2.1 38.9±1.9 28.7±1.3 0.1±1.7 
High Al Type in large powder particle 
 
13.0±2.0 20.0±3.4 34.1±3.5 32.7±2.6 0.1±0.5 
Low Al Type in small powder particle 
 
7.2±0.7 21.6±2.3 36.9±3.4 29.5±1.7 0.8±4.2 
High Al Type in small powder particle 12.5±1.4 19.0±2.8 33.9±2.8 33.9±3.0 0.7±2.6 
 
The weight % of elements in each of the phases within the Praxair powders were 
predicted using thermodynamic calculations over the temperature range of 300-1500°C 
and are presented in Figure  4-7. The shapes of curves in these figures are very similar to 
the mole fraction data illustrated in Figure  4-2. These calculations can be used to more 
easily compare with the chemical results in each phase obtained from the energy 
dispersive X-ray analysis (EDX), hence to identify the phases present in conjunction with 
the electron diffraction results later in this research. The following Table  4-4 lists the 
composition of γ and β phases predicted and the EDX results for low Al and high Al 
phases. Although the experimental results are not identical compared to the predictions, 
the differences between those two different phases are clearly observed. Therefore, these 
two types of grains with different levels of Al could be the γ (low Al) and β (high Al) 
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phases. For the phase identifications, selected area electron diffraction was used and is 
discussed later in Section  4.3.3. 
Table  4-4 A comparison of predicted composition with EDX analysis results of the two different Al level 
grains. 
Composition Elements / wt.% 
Al Cr Co Ni 
Predicted γ phase 5 22-25 40 30 
Low Al grains 7.2-7.4 21.6-24.1 36.9-38.9 28.7-29.5 
Predicted β phase 15 18 30 45 
High Al grains 12.5-13 19-20 33.9-34.1 32.7-33.9 
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(a) 
 
(b) 
 
(c) 
 
(d) 
Figure  4-7 Thermodynamic equilibrium plots illustrating the wt.% of elements as a function of temperature in Praxair powders, (a) γʹ, (b) γ (c) β and (d) σ phase.
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In order to obtain a systematic view of the chemical distribution within the coating 
powder, a series of EDX maps were collected within the small Praxair powder particle 
using the Fei Tecnai F20 field emission TEM/STEM system, as shown in Figure  4-8. In 
these monochrome maps, bright regions indicated a high level and dark regions indicates 
a low level of the element. From the element maps of Al, Co, Cr and Ni, two different 
phases could be observed within this selected area, they were an Al enriched phase and a 
Cr and Co rich phase. This result further suggested that there are two phases (γ and β) 
present within the Praxair coating powders as predicted in the thermodynamic 
calculations. The Y map shows there is a thin layer of Y on the outer surface, which is 
consistent with those spot EDX results discussed earlier; in addition, Y was also observed 
at internal boundaries. The element map of O did not show the O distribution clearly; this 
is probably because of the low count level during the experiment. 
 
Figure  4-8 EDX maps of chemical distribution in a selected area within the small Praxair powder. 
Chemical data were collected from a series of spots in the same selected area using the 
EDX detector attached to the Tecnai system. Figure  4-9 illustrates the positions of 12 
spots over the selected area within the small Praxair powder particle. Data were collected 
at 4 spots at the outer surface, in grains and on the boundaries respectively. By plotting 
the average spectra of each region into one graph (Figure  4-10), the overall chemical 
distribution can be observed. 
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Spectra 1~4 Outer surface 
Spectra 5~8 Grains 
Spectra 9~12 Boundaries 
 
Figure  4-9 EDX spots collected over the selected area within a small Praxair powder particle. 
Figure  4-10 (b) is a plot of all the spectra between the 5~6 keV region which is the main 
Cr region. Spectra collected from the outer surface only show a small peak at the 5.41 
keV whereas the other spectra show a big peak. Therefore, at both internal boundaries 
and grains, Cr is present, which is consistent with the nominal composition and previous 
EDX results of the Praxair powder. 
Between the 12~18 keV region (Figure  4-10c), the outer surface spectra (black) show 
both Pt L at 12.94 keV and Y at 14.96 keV. The spectra from the internal boundaries 
(blue) show only a Y peak at 14.96 keV. Figure  4-10 (d) shows there is a major Pt peak at 
11.07 keV for the outer surface spectra (black) but not in the other spectra collected at the 
internal boundaries and grains. These results confirm that there is some Y at the internal 
boundaries and the outer surface. In combination with the result of both the O and Y 
peaks present on the outer surface, it can be concluded that yttria occurs on the outer 
surface. Although a Y peak is present on internal boundaries, the form of Y cannot be 
determined due to the Cr and O peaks overlapping on internal boundaries. 
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Figure  4-10 Spectra of all spots collected in the selected area within the Praxair small powder particle, (a) low energy region, (b) Cr region, (c) Y region and (d) Pt 
region. 
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4.3.3 Phases Present within As-received Praxair Powders 
From thermodynamic calculations, the γ and β phases are dominant in Praxair powders 
above 700°C. In addition, previous EDX chemical analysis results have also shown that 
there are two types of phases present in the coating powders: one has a lower Al level 
(Figure  4-11a) and the other has a higher Al level (Figure  4-11c). In order to determine 
these phases, electron diffraction was carried out in the TEM for phase identification of 
Praxair powders. Diffraction patterns were collected from the two red points respectively. 
Analysis of these patterns used the Bragg equation and followed the procedures discussed 
in Section  3.4.3. For the pattern that was obtained from the lower Al grain (Figure  4-11a), 
the Practical Crystallography software suggested it is a face centred cubic structure tilted 
to [1�12] zone axis, i.e. γ phase. For the pattern that obtained from the higher Al grain 
(Figure  4-11c), the software suggested it is a body centred cubic structure tilted to [11�1�] 
zone axis, i.e. β phase. Therefore, both EDX and Practice Crystallography software 
suggested these are γ and β phase, which is consistent with the thermodynamic 
predictions. 
 
Figure  4-11 Illustrates electron diffraction patterns of two grains obtained from a Praxair powder; (a) 
low Al level grain and (b) high Al level grain. 
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4.4 Microstructural Characterisation of Coating Powders after 
Spraying Process 
A set of splashed samples were examined in the next stage of the project, in order to 
further investigate the microstructural evolution and chemical distribution within those 
powder particles throughout the spraying process. These samples were processed by 
HVOF with different spraying conditions, as shown in Table  3-2. 
4.4.1 Microstructure Overview within Differently Splashed Powder Particles 
Both spraying condition b and c provides compatible coatings, therefore, two selected 
powder particles were lifted out from wipe b and wipe c sample respectively 
(Figure  4-12). The cross-sections of these two differently sprayed powder particles 
showed a very similar microstructure. Grains near the powder surface have a relatively 
large grain size whereas those grains sitting deeply inside the particle have a smaller grain 
size. This grain size variation across the particle is probably formed during spraying 
process. When the molten particles are being sprayed onto cold substrate surface, they are 
bombarded at the surface and solidified rapidly; therefore grains near the contact surface 
with the substrate will have little time to grow. Only wipe b sample was examined further 
in the following part of this project since there was no significant difference observed 
between the wipe b and c samples. 
 
(a) 
 
(b) 
Figure  4-12 Transmission electron microscopy images of (a) particle lifted out from wipe b sample and 
(b) particle lifted out from wipe c sample. 
During the deposition process of these splashed samples, only one layer of powders was 
sprayed onto the steel substrates using a high velocity oxy-fuel (HVOF) spray gun. 
Therefore, these powders were not evenly distributed over the substrate as shown in 
Figure  4-13a. In addition, the powder particles were splashed differently; some of them 
79 
 
were barely deformed (Figure  4-13b) where the others were (Figure  4-13c and d) more 
fully deformed. 
 
(a) 
 
(b) 
 
(c) 
 
(d) 
Figure  4-13 Scanning electron microscopy images of HVOF sprayed samples; (a) overview of a sprayed 
sample, (b) particle that is not deformed, (c) partially deformed particle and (d) completely deformed 
particle. 
Three differently splashed/deformed particles were lifted-out from the coating sprayed 
using condition b (Table  3-2), using the ‘in-situ’ technique on the dual beam FIB system 
and examined under the FX2000 TEM system for a general microstructural overview 
(Figure  4-14). There is a dendritic structured area found near surface in the un-deformed 
particle, as shown in Figure  4-14a. This dendritic structure is the same as those found in 
the as-received powder particle (Figure  4-5), therefore the un-deformed particle is 
considered to have a similar microstructure to the as-received powder with a grain size 
around 2~5 μm. In the more deformed particles (Figure  4-14b-c), the dendritic structured 
features were not observed and the grain size was found to be much finer than those in 
powders and un-melted particles. 
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The electron backscatter diffraction (EBSD) technique was also carried out for a 
deformed particle from wipe b sample. These reconstructed EBSD images (Figure  4-15) 
show no dendritic structure near the surface in the splashed particle. Therefore, the 
deposition process can be considered to affect the microstructures of the coating powders. 
During the coating deposition process, powders were heated up to near the melting point, 
and then they were sprayed onto the substrate. The collision between the molten powders 
and substrate induced microstructural changes within the powder. 
 
(a) 
 
(b) 
 
(c) 
Figure  4-14 Transmission electron microscopy images of a particle lifted out from sprayed samples; (a) 
un-melted particle, (b) partially splashed particle and (c) splashed particle.  
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(a) 
 
(b) 
Inverse Pole Figure Key indicating Nickel at [100] 
 
Figure  4-15 Reconstructed electron backscatter diffraction images of a splashed particle lifted out from 
wipe b sample; (a) auto image quality, (b) image quality and inverse pole figure.  
100 nm 
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4.4.2 Chemical Distribution within Differently Splashed Powder Particles 
Chemical analysis was firstly carried out on these three lifted-out samples using the EDX 
technique on the FX2000 system. Chemical data were collected at a series of spots across 
these samples; they were distributed on the boundaries, in the grains and near the surface 
respectively as shown in Figure  4-16. 
 
(a) 
 
(b) 
 
(c) 
 
(d) 
 
(e) 
 
(f) 
Figure  4-16 Transmission electron microscopy images of particles lifted-out from the wipe b splashed 
sample; (a) and (b) EDX spots collected from the un-melted particle, (c) and (d) EDX spot collected from 
the partially splashed particle, (e) and (f) EDX spot collected from the splashed particle. 
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A summary of the chemical results is listed in Table  4-5. The average chemical 
compositions of these differently deformed particles are similar to the nominal 
composition of the as-received Praxair powder. The presence of O and Pt are due to the 
coating spraying process and TEM sample preparation respectively. In addition, there was 
no Y found on the boundaries from the splashed particle. This could be the result of the 
random selection of the spots. Therefore, these results can only be taken as a general 
indication rather than full quantification of element distribution. 
Table  4-5 A summary of chemical information obtained from differently splashed particles using 
TEM/EDX technique. 
Particles Elements / wt.% 
O Al Cr Co Ni Y 
Nominal composition  8.6 21.7 37.0 32.2 0.5 
Un-melted Particle Average 0.1±0.8 9.7±3.1 20.1±5.1 34.6±5.4 32.1±3.9 3.4±6.6 
Partially Splashed Particle Average 1.2±1.3 5.3±1.7 22.7±2.3 39.1±2.6 31.5±2.8 0.3±1.3 
Splashed Particle Average 0.0 9.0±1.6 22.6±0.8 38.6±1.4 29.8±0.7 0.0 
Detailed chemical analysis results of these three differently deformed particles were 
tabulated in the following Table  4-6, Table  4-7 and Table  4–8. The Al content levels 
within these three differently splashed particles suggest there are two phases present, 
which is consistent with the result of the coating powders. In addition, oxygen was found 
on the internal boundaries associated with Y; this could be due to the Y segregation 
[73,74]. Y was found on the internal boundaries and outer surface in the splashed particle. 
The reconstructed elemental maps illustrated in Figure  4–17 also show that some grains 
are Al rich and the boundaries are Y rich. Further TEM work has been carried out to 
confirm the EBSD result. 
Table  4-6 Detailed chemical information obtained from an un-melted particle using TEM/EDX 
technique. 
Data Collected Area 
 
Elements / wt.% 
O Al Cr Co Ni Y 
Boundaries 0.8±1.4 8.0±2.2 15.7±5.7 29.3±2.7 35.4±4.2 10.8±4.3 
High Al - 13. ±1.0 19.7±1.7 33.6±1.0 33.6±1.6 - 
Low Al - 7.3±0.7 24.5±2.0 39.4±0.9 28.7±1.2 - 
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Table  4-7 Detailed chemical information obtained from a partially splashed particle using TEM/EDX 
technique. 
Data Collected Area 
 
Elements / wt.% 
O Al Cr Co Ni Y 
Boundaries 0.6±1.3 4.0±1.1 23.2±3.4 35.9±2.4 32.5±3.7 3.8±3.3 
High Al - 8.9±1.2 19.7±2.1 36.4±3.0 35.1±1.8 - 
Low Al - 5.6±1.0 24.0±2.1 40.8±1.5 29.6±1.8 - 
 
Table  4–8 Detailed chemical information obtained from a splashed particle using TEM/EDX technique. 
Data Collected Area Elements / wt.% 
O Al Cr Co Ni Y Pt 
Outer Surface 13.9±4.5 2.1±0.8 17.1±3.2 12.6±1.1 5.1±1.9 7.7±2.7 42.7±5.8 
High Al Grains - 10.8±1.6 22.0±2.3 37.1±3.2 30.1±2.3 - - 
Low Al Grains - 7.8±1.1 23.00±1.9 39.6±3.9 29.6±2.2 - - 
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(a) 
 
 
(b) 
 
 
(c) 
 
 
(d) 
Figure  4-17 Reconstructed elemental mapping electron backscatter diffraction images of a splashed 
particle with colour code key; (a) Al, (b) Cr, (c) Ni and (d) Y. 
A series of EDX maps were collected in the same area within the splashed particle as 
shown in Figure  4-18. From the element maps of Al, Co and Cr, two different phases can 
be observed within this selected area, they are an Al rich phase and a Cr and Co rich 
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phase. This result further confirmed that there could be the γ and β phases present in the 
splashed particle. The element map of O shows that there is a thin layer of O on the outer 
surface. In addition, the Y map shows there is a thin layer of Y on the outer surface; 
therefore, there could be a thin layer ofY oxide on the outer surface of the splashed 
particle. It can also be seen that there is some Y on the internal boundaries as indicated in 
the previous EDX results. More importantly, a discontinuous mixed oxide layer is 
observed on the outer surface on top of the yttria layer. On the top of an Al rich grain, an 
Al rich oxide layer can be observed and on the top of a Co and Cr rich grain, a Cr rich 
oxide layer can be observed. This discontinuous mixed oxide layer could be the result of 
the oxidation of two different phases. The position of the yttria layer and this 
discontinuous mixed oxide layer is not shown clearly in these maps, therefore, further 
work has been carried out on the same area powder and splashed particle and focused on 
the outer surface to characterise the oxide scale and yttria distribution using EDX spots, 
linescan on the Tecnai TEM system and also the EELS technique on the Titan TEM 
system. 
 
Figure  4-18 EDX mapping show the chemical distribution in the selected area within a splashed Praxair 
powder particle. 
A series of chemical analyses were carried out on the Fei Tecnai F20 Field emission 
TEM/STEM system to obtain further evidence of the chemical distribution within the 
deformed particles. Chemical data were collected from a series of spots using EDX 
attached to the Tecnai system. Figure  4-19 illustrates the positions of 12 spots over a 
selected area within a splashed particle. Data were collected at 4 spots at the outer surface, 
in grains and on the boundaries respectively. By plotting the average spectra of each 
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region into one graph (Figure  4-20), with different colour indications: black—outer 
surface, red—grains, blue—internal boundaries, the overall chemical distribution can be 
observed. 
Figure  4-20 (a) is a plot of all the spectra in low energy region. However, the number of 
counts is relatively small compared to that with the same experiment for the small Praxair 
powder, therefore, the C, O and Cr peaks are not shown clearly in this case. Figure  4-20b 
is a plot of all the spectra between 5~6 keV region which is the main Cr region. However, 
the Cr (5.41 KeV) peak overlaps with the O (5.35 KeV) peak, therefore further EELS 
work has carried out to distinguish these two elements, which will be discussed later in 
this section. Between the 12~18 keV region (Figure  4-20c), there is only one outer 
surface spectrum (spectrum 2) shows both Pt L at 12.94 keV and Y at 14.96 keV. This is 
probably because this spectrum was collected very close the the Pt layer (Figure  4-19). 
The four spectra that were collected at the outer surface show a Y peak at 14.96 keV 
which can be considered as evidence there is a layer of Y at the outer surface. However, 
the form of the Y is still not clear; this can be reconciled by collecting elemental maps on 
the same area using the STEM technique. The internal boundaries spectra (blue) do not 
show a Y peak at 14.96 keV except spectrum 8. This is perhaps because the other spots 
were not put exactly on internal boundaries. Figure  4-20 (d) shows there is a major Pt 
peak at 11.07 for spectrum 2 (black) where this spot is very close to the Pt layer. These 
results suggested that Y is present at the internal boundaries and the outer surface. 
However, further work such as elemental maps on the same area is required to obtain a 
clearer view of the chemical distribution within the splashed particle. 
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Spectrum 1~4 Outer surface 
Spectrum 5~8 Boundaries 
Spectrum 9~12 Grains 
 
Figure  4-19 EDX spots collected over the selected area within a small Praxair powder particle. 
100 nm 
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Figure  4-20 Spectra of all spots collected in the selected area within the splashed powder particle, (a) low energy region, (b) Cr region, (c) Y region and (d) Pt region. 
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Two EDX linescans were also collected across the oxide layer in the same area from the 
splashed particle. Figure  4-21 illustrates a TEM image, with yellow lines marking where 
these two lines were collected. Linescan 1 was collected across the Pt layer through the 
oxide layer to the Al rich grain and linescan 2 was collected across the Pt layer through 
the oxide layer to the Cr rich grain. The concentration levels of key elements including Cr, 
Al, O, Y and Pt, across the lines were plotted as distance versus counts in the graphs 
displayed in Figure  4-22 (a-b). The elemental distribution across the oxide layer on top of 
these two different grains can be obtained comparing these two graphs. 
In the case of linescan 1, a high level of Pt was found over the first 50-80 nm, i.e. the Pt 
layer. A small peak of Y was found on the surface which was associated with the O peak, 
which confirms that there was a Y oxide layer on the outer surface. A peak of Al was also 
found in the oxide layer together with the present of an O peak; hence it can be concluded 
that an Al oxide layer was on the outer surface. The Y oxide was present on the top of the 
Al oxide layer, and it can be confirmed in the graph that the Y oxide layer is closer to the 
Pt layer than the Al oxide layer. In the case of linescan 2, a high level of Pt was again 
found over the first 5-8 nm, i.e. the Pt layer. Again, a Y oxide layer was found ~ 90 nm 
into the particle from the surface, however, in this case there was also a Cr oxide layer 
found underneath the Y oxide layer. 
 
Figure  4-21 TEM image display where the EDX linescans have been carried out in the same area from 
the splashed particle. 
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Figure  4-22 EDX linescan performed on the same area whereas the previous EDX maps were obtained 
from the splashed Praxair powder particle, (a-b) chemical distribution of key elements across the surface 
oxide layer of linescan 1 and 2 respectively. 
Figure  4-23 illustrates an EELS map obtained on a selected feature on an internal 
boundary, in order to distinguish the Cr and O elements. By comparing the low loss 
spectra of two different areas (Figure  4-23 c), one within the feature (Figure  4-23 d) and 
one outside the feature (Figure  4-23 e), chemical information of the feature can be 
obtained. Figure  4-23 d is the line scan spectrum of the spot 1 which was collected from 
the feature and Figure  4-23 e is the line scan spectrum of the spot 2 which was collected 
outside the feature. Comparing these spectra with the standard low loss spectra, the 
following conclusion can be drawn: a Y2O3 peak can be found between the 20~40 eV 
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range from the spot 1 spectrum and a Al2O3 peak can be found between the 20~40 eV 
range from the spot 2 spectrum. Therefore, the feature on the internal boundary could be 
an yttria particle and the grain to the right of this particle could be Al rich grain. 
 
(a) 
 
(b) 
 
(c) 
 
(d) 
 
(e) 
 
(f) 
 
(g) 
Figure  4-23 Illustrates EELS map and spectra of a selected feature on an internal boundary of a 
splashed particle; (a) survey image shows where the map was collected, (b) analog shows signal intensity, 
(c) zero loss peak (ZLP) map, (d) background subtracted low loss spectra of area 1, (e) background 
subtracted low loss spectra of area 2, (f) standard low loss spectra for yttria and (g) standard low loss for 
alumina [87]. 
0.02 µm 0.02 µm
1
2
93 
 
4.4.3 Phases Present within Splashed Powder Particles 
From thermodynamic calculations, the γ and β phases are in dominant in all three 
powders above 700°C. In addition, previous EDX chemical determination results have 
also shown that there are two types of phases present in the coating powders: one has a 
higher Al level (Figure  4-24 a) and the other has a lower Al level (Figure  4-24 c). In order 
to determine these phases, electron diffraction was carried out in the TEM for phase 
identification in the splashed particle. For the pattern that was obtained from the high Al 
grain (Figure  4-24b), the Practical Crystallography software suggested it is a body centred 
cubic structure tilted to [11�1�] zone axis, i.e. β phase. For the pattern that obtained from 
the low Al grain (Figure  4-24 c), the software suggested it is a face centred cubic 
structure tilted to [011�]  zone axis, i.e. γ phase. Therefore, both EDX and Practice 
Crystallography software suggested these are γ phase and β phase, which are consistent 
with the thermodynamic predictions. 
 
Figure  4-24 Illustrates electron diffraction patterns obtained from a splashed particle; (a) high Al grain 
and (b) low Al grain. 
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4.5 Microstructural Characterisation of Free-standing Coating at 
Different Heat Treatment Stages 
This section presents the microstructural evolution within the four free-standing coatings 
with different heat treatments. The high velocity oxy-fuel (HVOF) spraying technique 
was used in this study for the deposition of free-standing coatings. Firstly, Praxair coating 
powders were sprayed onto low C steels using HVOF spraying process with spraying 
condition c. Coatings were then removed from the substrates prior to heat treatment. The 
absence of substrate during heat treatment allowed the changes within the coating system 
to be considered in isolation with no inter-diffusion with the substrate. 
4.5.1 Microstructure Overview 
Figure  4-25 illustrates a series SE images of the as-sprayed free-standing coatings at 
different heat treatment stages; (a-b) as sprayed coating without any heat treatment, (c-d) 
coating after undergoing a 1 hour heat treatment in vacuum at 1100°C, (e-f) coating after 
undergoing a 1 hour heat treatment in vacuum followed by 24 hours in air at 1100°C and 
(g-h) coating undergoing a 1 hour heat treatment in vacuum followed by 96 hours in air at 
1100°C. 
The as sprayed coating (Figure  4-25 a-b) exhibits limited porosity between powder 
particles. At higher magnification (Figure  4-25 b), a fine two-phase microstructure 
comprising grey precipitates within the bright matrix can be observed within individual 
powders. After a 1 hour heat treatment in vacuum at 1100°C (Figure  4-25 c), the porosity 
level decreased and the size of precipitates increased. At higher magnification 
(Figure  4-25 d), the two-phase microstructure with slight phase coarsening was observed. 
After 24 hours heat treatment in air at 1100°C (Figure  4-25 e), a precipitation depletion 
zone (~ 20 μm) occurred at the coating surface. In addition, the precipitates coarsened 
further compared to those in the previous sample (Figure  4-25 f). Finally, in the coating 
that has been heat treated for 96 hours in air at 1100°C (Figure  4-25 g-h), the depletion 
zone is even thicker near the surface and the precipitates have coarsened further within 
individual powder particles. These four differently heat treated free-standing coating 
samples show a microstructural evolution trend which is that the precipitates coarsen 
within the matrix as a function of heat treatment time and a precipitation depletion zone is 
present at the coating surface after 24 hours heat treatment and the thickness of this 
depletion zone increases upon further ageing. 
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Figure  4-25 Free-standing coating cross-sections at different heat treatment stages: (a-b) as sprayed 
coating on the substrate, (c-d) heat treated 1 hour at 1100°C in vacuum, (e-f) heat treated 1 hour in 
vacuum and then 24 hours in air at 1100°C, (g-h) heat treated 1 hour in vacuum and 96 hours in air at 
1100°C. 
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4.5.2 Chemical Distribution and Phase Presence 
A series of chemical distribution maps were collected for all free-standing coatings using 
the EDX mapping technique, with special attention given to the oxide scale formed on the 
coating surface. Four sets of EDX maps are illustrated in Figure  4-26 -- Figure  4-29 
showing the chemical distribution within four selected areas on the surface of these four 
coatings respectively. 
In the as-sprayed coatings (Figure  4-26), different phases can be shown using the SE 
image; however, the features of different phases are too fine to differentiate using the 
EDX maps. After the vacuum heat treatment (Figure  4-27), a dual-phase microstructure 
was clearly shown in the Al and Cr distribution maps. However, there could be a third 
phase existing due to the presence of a few Cr-rich spots that are showing in the Cr 
distribution map. The O and Al distribution maps suggested that there was a thin Al oxide 
formed on the coating surface. In addition, Y was found associated with O within the 
coating along sprayed particles boundaries. After 24 hours ageing in air (Figure  4-28), 
continuous Al oxide was found with an increase in thickness compared with the coating 
which experienced only the vacuum heat treatment. In addition, Y was found within this 
oxide scale associated with the O and Al. Within the Al map, the Al-rich phase was no 
longer seen due to the depletion of Al towards the coating surface and the formation of Al 
oxide. After 96 hours ageing in the air (Figure  4-29), the continuous Al oxide thickness 
was found to have increased further than the coating experienced with 24 hours air ageing. 
In the Al, Cr and Ni maps, an Al depletion zone was found near the coating surface with a 
thickness around 25 μm. There were no Al-rich phases found within this depletion zone. 
In addition, Y was again found within the oxide scale associated with the O and Al. 
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Figure  4-26 Secondary electron image of a selected particle on the surface of 
the HVOF as-sprayed coating with a set of  EDX element maps of the selected 
particle. 
 
Figure  4-27 Secondary electron images of a selected particle on the surface of 
the HVOF sprayed with 1h ageing at 1100˚C in vacuum with a set of EDX 
element maps of the selected particle. 
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Figure  4-28 Secondary electron images of a selected particle on the surface of 
the HVOF sprayed with 1h vacuum ageing and 24h air ageing at 1100˚C with 
a set of EDX element maps of the selected particle. 
 
 
Figure  4-29 Secondary electron images of a selected particle on the surface of 
the HVOF sprayed with 1h vacuum ageing and 96h air ageing at 1100˚C with 
a set of EDX element maps of the selected particle. 
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A systematic chemical analysis has been carried out on these four free-standing coating 
samples. Spot EDX analysis was carried out at both the matrix and precipitate areas as 
illustrated in Figure  4-30, and by plotting the two spectra into the same graph, the bright 
matrix (red) and grey precipitates (black) can be distinguished by different Al/Ni ratio. A 
matrix spectrum was collected from the bright region marked as 1 in Figure  4-30, and it 
shows that Cr is dominant with moderate level of Co and Ni, and the peak ratio between Al 
and Ni is between 1 and 2. The precipitate spectrum was collected from the grey precipitate 
region marked as 2 in Figure  4-30. It shows that Al, Co and Ni are dominant in this phase and 
the ratio between Al and Ni is 1 to 1, which is consistent with the chemical formula of the β 
phase: NiAl. Therefore, the spots spectra suggested the bright matrix could be the γ phase and 
the grey precipitates could be the β phase. 
 
Figure  4-30 EDX results of two different phases on free-standing coating samples, (a) electron image of the 
as-sprayed free-standing coating with 1 hour heat treatment in vacuum at 1100°C (P920V1), (b) electron 
image of the as-sprayed free-standing coating with 1 hour heat treatment in vacuum and followed with 96 
hours heat treatment in air at 1100°C (P920V1A96), and (c) EDX spectra collected from the matrix and 
precipitates of P920V1A96 sample. 
The EDX data collected from the bright matrix and grey precipitates within these four free-
standing coating samples are summarised in Table  4-9 and Table  4-10 respectively. In 
1 
2 
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general, a dual-phase structure was found in all four coatings and they were the bright matrix 
and the grey precipitates with different Al content levels. The matrix areas contained less Al 
than that of the precipitates. In addition, as the heat treatment goes on, the Al level within the 
precipitates increases while it decreases within the matrix areas. Therefore, Al depletion from 
the matrix into the precipitate was found to be a function of heat treatment time. 
Table  4-9 A summary of chemical results of the bright matrix areas within those free-standing coatings. 
Bright 
matrix 
Elements / wt.% 
Ni Al Co Cr 
P920Q 31.27 8.35 38.64 21.70 
P920V1 29.45 5.35 40.48 24.63 
P920V1A24 29.68 4.99 40.00 24.54 
P920V1A96 31.21 5.64 39.74 23.4 
 
Table  4-10 A summary of chemical results of the grey precipitates within those free-standing coatings 
Grey 
precipitates 
Elements / wt.% 
Ni Al Co Cr 
P920Q 33.32 11.63 35.13 19.70 
P920V1 43.94 19.04 26.53 10.49 
P920V1A24 44.63 19.26 24.86 11.18 
P920V1A96 45.86 20.58 24.86 8.70 
 
A systematic chemical analysis was carried out on the free-standing coating after 96 hours air 
ageing to investigate the Y distribution within a coating that experienced ageing, allowing a 
comparison with the previous experiments carried out on the coating powders and as-sprayed 
particles of the Y distribution to be made. An area (6 × 20 μm) was selected near the coating 
surface and the sample was prepared using the in-situ lift out method. Figure  4-31 illustrates 
the selected area that had been lifted out; two areas had been thinned for TEM analysis and 
denoted as area 1 and 2. 
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Figure  4-31 Bright field TEM image illustrating the selected area near the coating surface of the free-
standing coating after 96 hours air ageing. 
 
    
   
 
 
 
 
 
 
Figure  4-32 A HAADF image and EDX derived elemental distribution mapps show the chemical distribution 
in the selected area within the free-standing coating after 96 hours air ageing. 
A series of EDX maps were collected in area 1 as shown in Figure  4-32. From the element 
maps of Al, Co, Cr and Ni, different phases including Ni/Al rich phase and Co/Cr rich phase, 
can be observed within this selected area. The Ni/Al rich phase could be the β phase whereas 
the Co/Cr phase could be the γ phase. Internal oxidation was found from the element maps of 
O and Al. In addition, the Y map shows there is a small amount of Y-containing particles, 
HAADF Image Al 
Y O Ni 
Cr Co 
Area 2 
Area 1 
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and some of them are associated with O and Al. These Y-containing particles were mainly 
found within the possible γ phase area. 
Thermodynamic calculations predicted that at equilibrium, β and γ are dominant within the 
coatings (Figure  4-1a). The EBSD technique was used to determine the different phases 
occurring within those four free-standing coatings. A series of EBSD maps illustrating the 
phase distribution within the four coatings are shown in Figure  4-33. These maps were 
collected within the bulk of the coating of each free-standing coating sample to look at the 
possible phases’ presence. All of the four maps showed that there are two phases present 
within the coatings and they are the γ (red) and β (green) phases. In the as-sprayed coating 
(Figure  4-33a), the dual-phase structure is only observed within a poorly melted particle. This 
is due to the lack of heat treatment, which gives the result of the existence of residual 
deformation within the coating. After the vacuum heat treatment (Figure  4-33b), a fine dual-
phase structure is observed across the bulk of coating. Upon continuous ageing in air as 
showing in Figure  4-33c and Figure  4-33d, the β phase starts coarsening. 
 
(a) 
 
(b) 
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(c) 
 
(d) 
Figure  4-33 EBSD phase maps showing the γ phase (red) and β phase (green) of (a) as-sprayed coating, (b) 
after vacuum heat treated, (c) after 24h air ageing and (d) after 96h air ageing. 
4.6 Discussion 
This section discusses the main microstructural and chemical distribution changes of the as-
manufactured coating powders before the spraying process, and splashed particles through 
the deposition stages and fully processed free-standing coatings at different heat treatment 
stages. 
4.6.1 Microstructural Evolution 
Both the Praxair and Amdry powders have a bimodal type particle size distribution. Dendritic 
structures were found at the outer surface of the as-manufactured coating powder particles 
cross-sections (Figure  4-5) and the formation of these structures is probably due to the 
powder manufacture process. After the HVOF spraying process, these powder particles were 
found to be deformed differently (Figure  4-13): barely deformed, partially deformed and 
completely deformed. The barely deformed particles consist of a similar microstructure to the 
as-manufactured powder particle, i.e. with the dendritic structures near surface. However, 
dendritic structures were not found in either of the deformed particles. In addition, the 
average grain size was found to be different within these differently deformed particles 
(Figure  4-14). The grain size decreased as the deformation of the particle increased. During 
the coating deposition process, the powders were heated up to a molten state and then sprayed 
onto the substrate. The collision between the molten particles and substrate induced 
microstructural changes within the powder. Some of the particles were barely deformed; 
therefore dendritic structures were formed during the re-solidification of the particle. The rest 
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of the particles were severely deformed leaving dendritic free and a fine-grain structure 
formed. 
Four free-standing coatings with different ageing conditions were examined (Figure  4-25 to 
Figure  4-29). Upon vacuum ageing, the as-sprayed fine two-phase microstructure starts 
coarsening, and the porosity levels starts decreasing. After air ageing, a depletion zone was 
found near the coating surface and the thickness of this zone increases upon further ageing. 
The vacuum treatment was found to be effective in homogenising the as-sprayed coating 
structure. 
4.6.2 Chemical Distribution 
A series of systematic chemical distribution mappings was carried out within the as-
manufactured coating powder particle, an as-sprayed deformed particle and the free-standing 
coating which had experienced 96 hours air ageing in order to investigate the chemical 
distribution evolution; specially focused on the Y distribution. 
Within the as-manufactured coating powder particle, two phases enriched with Al and Cr/Co 
are found respectively. A thin layer of Y was found on the outer surface and internal 
boundaries. After the powders were sprayed onto the substrate, a layer of yttria was found on 
the outer surface and an oxide layer was found underneath it. The oxide scale was found to be 
a discontinuous mixed oxide with the Al oxide and Cr oxide co-existing. Y was also found on 
the internal boundaries in the form of discrete Y particles. After 96 hours ageing in the air, Y 
was found within the oxide scale and was associated with O and Al. In addition, a small 
amount of Y-containing particles were also observed and with the majority of them 
distributed within the possible γ phase area. 
These results suggested that the chemical distribution was not homogeneous even within the 
as-manufactured coating powder particle. During the coating powder manufacturing process, 
some of the Y has already diffused out to the powder surface. Then during the coating 
deposition process (HVOF process in this case), Y on the surface can easily react with the O 
on the way to the substrate. The oxidation reaction is also started even before the coating is 
fully processed. Both Al and Cr oxidised during the coating spraying process and the 
continuous Al oxide scale is only formed after the vacuum heat treatment.  
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4.6.3 Phases Present 
Two phases were found to be present within the as-manufactured coating powders, and they 
were the β and γ phase respectively. After the coating deposition process, these phases were 
again found within the splashed particles. The same two phases were also found within the 
four free-standing coatings. These phases observed are consistent with thermodynamic 
calculations. It can therefore be concluded that the coating deposition process does affect the 
microstructure within the powder cross-sections but does not affect which phases are present 
overall. 
In addition, as the heat treatment progresses, the Al level within the β precipitates increases 
while it decreases within the γ matrix areas. Therefore, Al depletion from the γ matrix into 
the β precipitate was found to be as a function of heat treatment time. These free-standing 
coatings were aged at 1100°C, whereas the Al within the beta phase will diffuse out, diffuse 
into the γ phase and/or move towards to the coating surface in order to form a continuous 
oxide scale. After the heat treatment, these samples were air-cooled, therefore some of the Al 
that had diffused into the γ phase at 1000°C will diffuse out again and re-form the β phase. 
The Ni to Al ratio within these re-formed β phases might not be exactly 1 to 1, as they should 
be at the equilibrium condition. Therefore, the increasing trend of Al content within the β 
phase upon ageing time might be the result of this cooling effect. 
4.7 Summary 
This chapter has presented and discussed the results of the detailed microstructural 
investigation and chemical analysis carried out on the as-manufactured coating powder 
particles, as-sprayed coating particles and fully processed free-standing coatings. 
Examination of the microstructure, chemical analysis and determination of phases was 
carried out using a variety of microscopy techniques. 
Both Amdry powders and Praxair powders were observed to have a bimodal type particle size 
distribution. The average compositions of as-manufactured powders are very similar to their 
nominal compositions. As-manufactured powders demonstrate dendritic structures near the 
surface. After the coating deposition process, powder particles were sprayed onto the 
substrate with a different degree of deformation; and dendritic structures were only observed 
on the barely deformed particle surface and the average grain size within these differently 
deformed particles decreased as the deformation degree increases. Y was found at the outer 
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surface and internal boundaries within the powder particles both before and after the spraying 
process. After coating deposition process, a discontinuous mixed oxide layer was formed 
with a layer of Y oxide on top of it. There is a hint of Y oxide segregation as discrete 
particles rather than a layer of Y oxide on the internal boundaries. There are two types of 
grains present, with one Al-rich and the other with a lower Al level; their diffraction pattern 
suggested that they are the β and γ phases respectively which is consistent with the 
thermodynamic predictions. Vacuum ageing homogenises the microstructure within the as-
sprayed coating, phases start coarsening upon further ageing in the air and a β depletion zone 
formed beneath the coating surface after a short term air ageing. 
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5.1 Introduction 
The microstructure and elemental distribution of individual MCrAlX coating particles have 
been studied in the previous chapter. In order to demonstrate the application of the HVOF 
thermal spraying as a process for MCrAlX coating deposition to replace the more expensive 
conventional LPPS route, two sets of samples were examined comprising three different 
thermally aged coatings for both coating spraying methods (HVOF and LPPS) respectively. 
A detailed experimental study has been carried out concerned with the distribution and 
evolution of Y-containing particles within differently aged coatings as a function of heat 
treatment time and temperature. In this research, a novel technique of ion beam induced 
secondary electron imaging has been used to reveal the microstructure and distribution of Y-
containing particles in the cross-sections of MCrAlX bond coatings. Subsequently, these ion 
beam images have been used to analyse the distribution of the Y-containing particles 
quantitatively, not only within the coating sub-surface but also above the inter-diffusion zone 
(IDZ), as a function of both ageing time and spraying method. Phase identification of these 
Y-containing particles has been carried out using both Energy Dispersive X-ray (EDX) 
analysis and electron diffraction. 
  
CHAPTER 5. Y-CONTAINING PARTICLES 
DISTRIBUTION ANALYSIS WITHIN LPPS AND HVOF 
SPRAYED COATINGS 
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5.2 Microstructural Characterisation of LPPS and HVOF Sprayed 
MCrAlX Coatings At Different Ageing Conditions 
5.2.1 Microstructural Characterisation of LPPS Sprayed Coatings 
Microstructure Overview 
In Figure  5-1 a series of typical backscattered electron images that provide a general 
microstructural overview of the LPPS sprayed coatings at different heat treatment conditions 
(see Table  3-5) are shown. 
 
Figure  5-1 Backscattered images of LPPS sprayed coatings (a) as-received condition, (b) after short-term 
ageing and (c) after long-term ageing. 
The as-received coating (Figure  5-1a) had a homogeneous fine dual-phase (β and γ) 
microstructure with a smooth surface. Most of the pores were observed in the bottom half of 
the coating, towards the substrate. There was no β depletion zone observed, however, a small 
amount of β phase coarsening was observed. Very few individual powder particles were 
found near the coating surface and they were only observed at higher magnifications. In the 
short-term aged coating (Figure  5-1b), the β depletion zone can only be seen at relatively high 
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magnifications. The porosity level had not decreased significantly compared with the as-
received coating. After long-term ageing (Figure  5-1c), the coating exhibited a thick β 
depletion zone both near the coating surface and the coating/substrate interface. The β phase 
remaining in the bulk of coating varied in extent across the coating from 20-100 µm wide. 
Very few pores were found in the coating, and most of them were observed along the 
coating/substrate interface. 
A set of ion beam induced electron images as illustrated in Figure  5-2 were collected at a 
relatively low magnification (across the entire coatings) to investigate the grain structure 
evolution as a function of ageing time. The as-received coating had a very homogeneous 
structure with fine grains of the size of 2-5 µm across the coating. An interdiffusion zone 
(IDZ) was also observed with a thickness of 20 µm above the substrate. After short-term 
ageing, the grain size had grown up to ~ 5 µm and the IDZ thickness increased to 30 µm. 
After long-term ageing, the grains and the IDZ within the LPPS sprayed coating had grown to 
5-10 µm and 35 µm respectively. 
 
Figure  5-2 Ion beam induced secondary electron images showing the microstructures across the differently 
aged LPPS sprayed coatings; (a) as-received coating, (b) short-term aged coating and (c) long-term aged 
coating. 
Chemical Distribution and Oxide Scale 
The chemical distribution and oxide scales of the LPPS sprayed coatings were studied as a 
function of the ageing time and temperature using an EDX mapping technique. Figure  5-3, 
Figure  5-4 and Figure  5-5 illustrate the EDX maps of the LPPS sprayed as-received, short-
term aged and long-term aged coatings near the sub-surface respectively. 
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The as-received coating (Figure  5-3) had a fine dual-phase microstructure with one phase 
enriched in Al, and the other in Cr and Co. There were a few Cr-rich particles present 
indicating the existence of a third phase, which could be the Cr-containing α-Cr or σ phase. 
The coating did not show a clear continuous oxide layer. 
After short-term ageing, the dual-phase microstructure was again observed. These two phases 
(one rich in Al and another rich in Cr and Co) had been found to be coarsened slightly 
compared with that in the as-received coating. A very thin β depletion zone was found from 
the Al distribution (Figure  5-4 b) map at the coating sub-surface. The Y map (Figure  5-4 f) 
showed that there were Y-containing particles segregated around the retaining powder 
particle boundaries. In addition, a discontinuous alumina scale was formed and a few Y/O 
containing particles observed within the oxide scale. 
After long-term ageing (Figure  5-5), there was only one phase present within the bulk of 
coating, which is the matrix gamma phase. The Y map (Figure  5-5 f) showed that there were 
Y-containing particles segregated within the oxide scale underneath the TBC layer. In 
addition, a continuous alumina scale was formed, with the presence of either a mixture of 
some/all of the spinel-type oxides (NiAl2O4, CoAl2O4, NiCr2O4, CoCr2O4) or a substitutional 
solid solution (Ni,Co)(Al,Cr)2O4 [136] . These spinel-type oxides were found in the form of 
Co/Ni oxides in the core and surrounded by Al/Cr oxides, which is very similar to the results 
that were shown in previous study done by Saeidi [136] 
.
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Figure  5-3 Secondary electron image and a set of EDX element maps of a 
selected area near the surface of the as-received LPPS sprayed coating. 
 
Figure  5-4 Secondary electron image and a set of EDX element maps of a 
selected area near the surface of the short-term aged LPPS sprayed coating.. 
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Figure  5-5 Secondary electron image and a set of EDX element maps of a 
selected area near the surface of the long-term aged LPPS sprayed coating. 
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A series of secondary electron images were taken for each of the coatings to measure the 
oxide thicknesses. The as-received LPPS coatings were too thin to obtain an accurate 
measurement. The oxide thicknesses of the short and long-term aged LPPS sprayed 
coatings were measured and are summarised in Table  5-1. This result is consistent with 
the expectation that the oxide scale thicknesses of the LPPS sprayed coatings increase 
with ascending ageing time. 
Table  5-1 Mean thicknesses of the oxide scales formed on the short and long-term aged LPPS sprayed 
coatings. 
Spraying Method Heat Treatments Oxide Thickness (µm) 
LPPS Short-term aged 1.8±1.0 
LPPS Long-term aged 6.8±1.3 
 
Y-containing Particle Distribution and Phase Identification of LPPS Sprayed Coatings 
Ion beam induced secondary electron imaging has been used to reveal the microstructure 
and distribution of Y-containing particles within coatings. EDX spot analysis was also 
used in conjunction with the ion imaging to determine the presence of localised Y. 
Figure  5-6 shows a typical EDX spectrum that was collected from a possible Y-
containing particle from the sub-surface of the LPPS as-sprayed coating. The spectrum 
clearly indicated the presence of Y. 
 
Figure  5-6 EDX spectrum of selected particle within LPPS as-sprayed coating sub-surface. 
Figure  5-7 illustrates a set of ion beam images of the Y-containing particles in the coating 
just underneath the outer surface for the three differently aged LPPS sprayed coatings 
Particle examined 
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respectively. At the coating sub-surface, Y-containing particles were found in small 
rounded shape in the as-received condition. Upon ageing, these particles became larger in 
size and the shape of them became more random, as seen in Figure  5-7 c. 
 
Figure  5-7 A set of ion induced secondary electron images of the Y-containing particles within three 
differently aged LPPS sprayed coatings along the sub-surface; (a) as-received, (b) short-term aged and 
(c) long-term aged coatings. 
Y-containing particles were also found in the coatings just above the IDZ as illustrated in 
Figure  5-8. Within the as-received coating (Figure  5-8 a), these Y-containing particles 
were also found in a small rounded shape near the IDZ, the same as that found near the 
coating sub-surface. After long-term ageing (Figure  5-8 b), these particles were found to 
increase in size but not undergo a significant shape change. 
 
Figure  5-8 Two representative ion induced secondary electron images of the Y-containing particles 
within the (a) as-received and (b) long-term aged LPPS sprayed coatings near the IDZ. 
The exact nature of these Y-containing particles was identified using an electron 
diffraction technique. Y oxide (Y2O3) was found to be present in both the sub-surface and 
near the IDZ area in all of the coatings. Yttrium aluminium garnet (YAG) (Y3Al5O12) was 
found only in the sub-surface of the as-received LPPS sprayed coating. Pure metallic Y, 
not associated with O, was identified in the IDZ area within the LPPS long term aged 
coating. 
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5.2.2 Microstructural Characterisation of HVOF Sprayed Coatings 
Microstructure Overview 
In Figure  5-9 a series of typical backscattered electron images that provide a general 
microstructural overview of the HVOF sprayed coatings at different heat treatment 
conditions is shown (details of heat treatment is listed in Table  3-5). 
 
Figure  5-9 Backscattered images of HVOF sprayed coatings at (a) as-sprayed condition, (b) after short-
term ageing and (c) after long-term ageing.  
The as-sprayed coating (Figure  5-9 a) had a very inhomogeneous microstructure and 
individual splats were clearly observed, with pores on the splat boundaries. There is no 
indication of either a β depletion zone or β phase coarsening. In the free-standing short-
term aged coating (Figure  5-9 b), a β depletion zone (~35 µm) was observed near both 
sides of the coating surface with some β phase coarsening within the coating. Individual 
splats were still present, however, there was a decreased porosity level observed. After 
long-term ageing (Figure  5-9 c), the HVOF sprayed coating has shown a thick β depletion 
zone both near the coating surface and at the coating/substrate interface. There was only a 
very thin band of β phase (~30 µm) left in the bulk of coating. Most of the pores were 
along the coating/substrate interface. A few individual splats could be found near the 
coating surface. 
A set of ion beam electron images as illustrated in Figure  5-10 were collected at a 
relatively low magnification across the three differently aged HVOF sprayed coatings to 
investigate the grain structure evolution as a function of ageing. 
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Figure  5-10 Ion beam induced electron images showing the microstructures across the differently aged 
HVOF sprayed coatings; (a) as-received coating, (b) short-term aged coating and (c) long-term aged 
coating. 
The HVOF as-sprayed coating (Figure  5-10 a) showed no grain structures but only very 
fine splats, and no IDZ was observed. After short-term ageing (Figure  5-10 b), the grains 
at the sub-surface on both sides of the free-standing coating grew to around 10 µm in size, 
and twinning was observed within some of the grains, indicating that there was a dual-
phase structure in the bulk of coating. After long-term ageing (Figure  5-10), the grains at 
the sub-surface had grown to 30 µm. There was a very thick (~100 µm) IDZ observed 
with large re-crystallised grains. 
Chemical Distribution and Oxide Scale 
The chemical distribution and oxide scales of the HVOF sprayed coatings were studied as 
a function of the ageing time and temperature using an EDX mapping technique. 
Figure  5-11, Figure  5-12 and Figure  5-13 illustrate the EDX maps of the HVOF sprayed 
as-sprayed, short-term aged and long-term aged coatings near the sub-surface respectively. 
The as-sprayed coating (Figure  5-11) had an extremely fine microstructure; hence the 
features were too fine to be distinguished using the EDX mapping technique. However, 
the elemental distribution maps showed no sign of the existence of an oxide scale. 
After short-term ageing (Figure  5-12), a dual-phase microstructure was observed. These 
two phases were found to be rich in Al and Cr/Co respectively. A few Cr rich particles 
were found from the elemental distribution map of Cr, hence these could be the α-Cr or σ 
phase. A thin β depletion zone with a thickness of 20 μm, was found from the Al 
distribution (Figure  5-12 b) map at the coating sub-surface. Y was found segregating 
within the coating, particularly at the retained powder particle boundaries (Figure  5-12 f). 
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In addition, a continuous alumina scale was formed and a few particles enriched in Y and 
O were observed within the oxide scale. 
After long-term ageing (Figure  5-13), there was only one phase present near the coating 
sub-surface, which was the Cr/Co rich phase. The Y map (Figure  5-13 f) shows that there 
were Y-containing particles segregated within the oxide scale that was underneath the 
TBC layer. In addition, a continuous alumina scale was formed, with the presence of 
spinel-type oxides which were very similar to what has found in the oxide scale formed 
on those LPPS sprayed coatings [136]. These spinel-type oxides were found in the form 
of Co/Ni oxides in the core and surrounded by Al/Cr oxides. 
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Figure  5-11 Secondary electron image and a set of EDX element maps of a 
selected area near the surface of the HVOF as-sprayed coating. 
 
 
Figure  5-12 Secondary electron image and a set of EDX element maps of a 
selected area near the surface of the short-term aged HVOF sprayed coating..  
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Figure  5-13 Secondary electron image and a set of EDX element maps of a 
selected area near the surface of the long-term aged HVOF sprayed coating. 
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A series of secondary electron images was taken from each of the coatings to measure the 
oxide scale thicknesses. The oxide scale of the as-sprayed coating was too thin to obtain 
an accurate measurement. The oxide thicknesses of the short and long-term aged HVOF 
sprayed coatings were measured and summarised in Table  5-3. This result is consistent 
with the expectation, which is that the oxide scale thicknesses of the HVOF sprayed 
coatings increased upon ageing. 
Table  5-2 Mean thicknesses of the oxide scales formed on the short and long-term aged HVOF sprayed 
coatings. 
Spraying Method Heat Treatments Oxide Thickness (µm) 
HVOF Short-term aged 1.3±0.3 
HVOF Long-term aged 6.4±1.2 
 
Y-containing Particle Distribution and Phase Identification of HVOF Sprayed Coatings 
Figure  5-14 illustrates a set of ion beam images of the Y-containing particles in the 
coating just underneath the outer surface for the three differently aged HVOF sprayed 
coatings respectively. 
 
Figure  5-14 A set of ion beam images of the Y-containing particles within HVOF sprayed coatings along 
the coating sub-surface at (a) as-sprayed condition, (b) after short and (c) long-term ageing. 
Within the as-sprayed HVOF coating (Figure  5-14 a), Y-containing particles were 
preferentially found at the splat boundaries, often in the shape of a long thin splat. Y-
containing particles were found as random rounded shapes and with a size around 1 µm 
after short-term ageing (Figure  5-14 b). After long-term ageing (Figure  5-14 c), these Y-
containing particles were found to be aggregated together, with a slight increase in their 
sizes. 
Y-containing particles were also found in the coatings just above the IDZ as illustrated in 
Figure  5-15. Within the as-received coating (Figure  5-15 a), these Y-containing particles 
were also found in thin splat shape, the same as that found in the coating sub-surface. 
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However, a few particles were found in a small rounded shape. After long-term ageing 
(Figure  5-15 b), these particles were found in random, mainly rounded shape with a 
significant increase in size. 
 
Figure  5-15 Two representative ion beam images of the Y-containing particles within HVOF sprayed 
coatings near the IDZ; (a) as-sprayed and (b) after long-term ageing. 
The exact nature of these Y-containing particles was identified using an electron 
diffraction technique. Tho Y-containing particles were found to be mainly in the form of 
Y oxide (Y2O3) both in the sub-surface and near the IDZ area in all of the HVOF sprayed 
coatings. 
5.3 Discussion 
5.3.1 Overview of Microstructural Evolution 
Microstructure 
The as-received LPPS coating was commercially manufactured, and a standard pre-
service treatment was carried out after the coating deposition. This pre-service processing 
resulted in the more homogeneous microstructure, the smoother surface, minor β phase 
coarsening, and the minimised porosity level in the top half of the coating. The as-
sprayed HVOF coating contained several poorly melted particles with pores segregated 
along the particle boundaries, which has been observed previously [88]. A diffusion heat 
treatment after spraying typically transforms the coating into a more uniform 
microstructure and the pores consolidate into a line during the sintering. The absence of 
this post-spray heat treatment gives the microstructure observed in this research. 
Both the short-term aged LPPS and HVOF sprayed coatings exhibited a β depletion zone, 
although with a different thickness. The HVOF sprayed coating showed more β 
coarsening than the LPPS coating. This was probably due to the ageing temperature 
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difference: the HVOF sprayed coating was aged at 1100˚C whereas the LPPS sprayed 
coating was aged at 940˚C. At the higher temperature (1100˚C), the β phase dissolves to 
provide sufficient Al to diffuse outwardly as more Al is consumed to form the protective 
oxide scale; therefore the HVOF sprayed short-term aged coating exhibited a thicker β 
depletion zone than the LPPS sprayed one. Both the LPPS and HVOF sprayed long-term 
aged coatings experienced severe oxidation and lost most of the β phase due to Al 
diffusion, both outwardly to form the oxide scale and inwardly into the IDZ. 
The grain structures changed significantly as a function of ageing for both the LPPS and 
HVOF sprayed coatings. Before ageing, fine grains were only observed in the LPPS 
coating. This is probably due to the pre-service treatment that was carried out after the 
deposition of the coating. Ageing for 2000 hours resulted in significant grain growth and 
the formation of an IDZ in both HVOF and LPPS sprayed coatings, however, the IDZ 
was thinner in the LPPS coating than that in the HVOF coating. 
Oxide Scale 
The un-aged coatings did not show a clear continuous oxide layer. After short-term 
ageing, an alumina scale was formed on both the LPPS and HVOF sprayed coatings and a 
few particles enriched in Y and O were also observed. However, the ageing temperature 
difference between the two coatings did affect the appearance of the oxide scale as the 
alumina scale was found in a discontinuous manner on the LPPS coating whereas on the 
HVOF coating it was found to be continuous. 
Spinel-type oxides were found in both of the long-term aged coatings, in the form of a 
Co/Ni oxide core surrounded by Cr/Al oxide. A few Y-rich particles were also found 
within the oxide layer. A previous study [88, 89] has claimed that the HVOF sprayed 
coatings always showed a higher ratio of the spinel and that the distribution of spinel 
oxides in the LPPS coatings is ‘island-like’, whereas they are more uniformly distributed 
in HVOF coatings. However, in this research differences were observed in that both the 
LPPS and HVOF sprayed coatings showed ‘island-like’ spinel-type oxides. Furthermore, 
there was not a significant difference of the spinel-type oxide ratio found within the LPPS 
and HVOF sprayed coatings by preliminary observations. The coatings that were 
examined in the previous study had experienced a much higher temperature (1100˚C) and 
were without the protection of the TBC layer; the temperature difference could be the 
explanation of the different observations. 
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The mean oxide thicknesses of the LPPS and HVOF sprayed coating were measured and 
the results are given in Table  5-1 and Table  5-3 respectively. The results are in good 
agreement both for the short and long-term aged conditions between the LPPS and HVOF 
sprayed coatings. As the ageing time increases, the thicknesses of the oxide scale 
increases for both the LPPS and HVOF sprayed coatings. Both the as-sprayed HVOF and 
as-received LPPS coatings were too thin to obtain an accurate measurement. 
It is possible that the sample preparation procedure may affect the oxide scale observation, 
particularly for the as-received samples and the short-term aged conditions, although 
measures were taken to avoid this. The thin oxide scale could be ground or polished away, 
therefore the as-received coatings do not show a continuous oxide scale. As previously 
discussed, the HVOF short-term aged coating experienced a much higher ageing 
temperature than the LPPS one, which could be another reason for the differences in the 
oxide layers on the short-term aged coatings. However, unlike the previous study carried 
out by Shibata et al. [88,89], no continuous layer of spinel-type oxide was found in either 
of the short-term aged coatings even though the coating compositions are very similar to 
this study. After long-term ageing the oxide scale thicknesses of both the HVOF and 
LPPS sprayed coatings increased as expected, with similar values observed for both 
coating types. 
5.3.2 Y-containing Particle Analysis 
Previous studies have mainly focused on the Y and O distribution in the thermally grown 
oxide (TGO) between the TBC and the MCrAlX coating [90, 91]. Only a few studies [93] 
have shown that Y oxides were present across the coating, and were without detailed 
morphology or quantitative distribution analysis. 
Morphology and Distribution 
The Y-containing particle morphologies were different in the as-sprayed HVOF and as-
received LPPS sprayed coatings in both the sub-surface and above the IDZ regions. 
Within the as-sprayed HVOF coating, Y-containing particles were preferentially found at 
the splat boundaries, in the shape of a long thin splat distributed along the sub-surface and 
near the coating/substrate. This is consistent with a previous study carried by Vergel et al. 
[92]. Several other studies [91, 93-95] have summarised that there are two processes that 
occur simultaneously and determine the location of the oxidised Y after initial oxidation. 
The segregation of Y towards the coating surface where it is oxidised and the diffusion of 
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O into the coating that causes the oxidation of Y. Both of these processes primarily take 
place along easy diffusion paths such as grain and phase boundaries in the coating. There 
are several poorly melted particles with pores around them and it is likely that O can be 
trapped within the pores and subsequently associated with Y within the coating. 
Therefore, the Y-containing particles were in a long thin splat shape in the HVOF as-
sprayed coating, whereas the Y-containing particles were typically small and round 
within the as-received LPPS coating. The Y distribution in the MCrAlX coating can be 
strongly modified by a post-deposition heat treatment. A fully annealed coating may have 
a different Y distribution [89]. The post-deposition treatment that was carried out for the 
LPPS as-received coating may result in the different morphology of the Y-containing 
particles. After ageing, these particles in both LPPS and HVOF sprayed coatings were 
observed to form larger and rounder particles. 
Nature of Phase 
In this research, Y oxide (Y2O3) was found to be present in both the sub-surface and near 
the IDZ area in all of the coatings. Yttrium aluminium garnet (YAG) (Y3Al5O12) was 
found only in the sub-surface of the as-received LPPS sprayed coating. Pure metallic Y, 
not associated with O, was identified in the IDZ area within the LPPS long term aged 
coating. The solubility of Y in both the Al-poor γ-phase and the Al-rich β phase is very 
small. Thus, Y is usually present as a separate phase in the coating. The nature of this 
phase and where it is located depends on the amount of Y available in the coating and the 
coating deposition process and subsequent heat treatment [89]. In MCrAlX coatings 
sprayed using processes where a high vacuum is employed (e.g. EBPVD), the Y is 
usually present as metallic M5Y precipitates along phase and grain boundaries, where M 
is usually Ni. In HVOF coatings, which are sprayed at atmospheric pressure, all Y is 
bonded to O [97] and the segregation of Y towards the coating surface is virtually 
suppressed [88,89]; therefore, those Y-containing particles are mainly in the form of Y 
oxide (Y2O3). However, in LPPS sprayed coatings the Y may be partly bonded to O as 
Y2O3 particles and present as metallic precipitates [91, 92, 96, 97]. The Y particles 
present as a metallic precipitates in the coating show rapid outward segregation, and may 
lead to the formation of YAG in the sub-surface [89]. 
The observation of these Y oxides within the sub-surface and the IDZ areas are consistent 
with the previous study carried out by Gudmundsson and Jacobson [93]. The formation of 
yttria within the un-aged coatings was probably related to the presence of unmelted 
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powder particles in the coating or as a consequence of epitaxial growth either during 
powder atomisation or during transportation through the plasma spraying process, as 
proposed in [93, 94]. However, the metallic M5Y precipitates which were reported to be 
found in vacuum annealed LPPS MCrAlX coatings were not observed in this study. The 
compositional difference of the coatings studied between this investigation and previous 
studies [97, 98] could be one of the reasons for this observation. The vacuum annealing 
carried out in the previous studies may be another reason. 
Both the aged HVOF and LPPS sprayed coatings in this research showed an increase in 
particle size and also localisation in the sub-surface and above the IDZ. It would therefore 
appear that the Y within the coating was able to diffuse both outwards and inwards. A 
quantitative analysis in terms of the total number of particles within a unit area and the 
average feret diameters of these particles at the coating sub-surface and above the IDZ 
was carried out and the results are plotted in Figure  5-16. 
These Y-containing particles analysed were selected based on the contrast difference 
from the ion beam images in conjunction with the chemical analysis of selected particles, 
however, there is a small chance that a few non-Y particles were selected which had a 
similar contrast. In addition, the Y-containing particles analysed are in different 
crystalline phases. Therefore, these quantitative analysis results should be treated only as 
a general indication of particle distribution. 
There was a decrease in the total number of particles found in the coating sub-surface 
within both the HVOF and LPPS sprayed coatings after ageing, however, the number of 
particles above the IDZ increased upon ageing. In the sub-surface area, almost double the 
number of Y-containing particles was found in the as-sprayed and short-term aged HVOF 
sprayed coating compared to that in the same condition LPPS coatings. After long-term 
ageing, the number of particles decreased to a similar level in both sets of coatings. The 
numbers of particles found above the IDZ for both the HVOF and LPPS sprayed coatings 
were very similar in both the initial condition and the long-term aged samples. 
The particles found in the HVOF sprayed coatings were much larger after the long-term 
ageing, and also bigger than those in the LPPS long-term aged coating. For the particles 
above the IDZ within the sprayed coatings, the feret size remained at the same level, 
within the error bars. 
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(a) Sub-surface 
 
(b) IDZ 
 
(c) Sub-surface 
 
(d) IDZ 
Figure  5-16 Quantitative analysis results, (a-b) comparison between the HVOF and LPPS sprayed coatings of the total number of the Y-containing particles along the 
sub-surface and IDZ area respectively; (c-d) comparison between the HVOF and LPPS sprayed coatings of the average feret diameter of the Y-containing particles along 
the sub-surface and IDZ area respectively. The red (square) labels represent data for the HVOF coatings and the blue (diamond) labels represent data for the LPPS 
coatings.
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As discussed above, the HVOF as-sprayed coating contained a lot of poorly melted 
particles, which provide O around their boundaries that can associate with the Y. This 
appears to have resulted in the larger number than those found in the LPPS as-received 
coating. The pre-service treatment reduced the porosity and promoted microstructural 
evolution within the LPPS as-received coating, therefore the Y-containing particles were 
already larger. As the ageing time increased, Y from the coating diffused outward to the 
sub-surface where particle coarsening was observed, accompanied by a decrease in the 
number of particles. The particles found above the IDZ after long-term ageing did not 
change much in size, however, the number of them increased. Y diffuses within the 
coating not only outwardly to the sub-surface but also inward to the IDZ, where the 
particles remain much smaller than at the sub-surface. 
5.4 Summary 
A set of six coatings with very similar compositions sprayed either by LPPS or HVOF 
methods have been examined in three different ageing conditions: as-received condition, 
after short and long term ageing at high temperature. The general microstructure and 
oxide scale evolution as a function of ageing was studied including a detailed 
investigation of the Y-containing particles distribution as function of ageing time and 
spraying methods. 
A general trend of microstructure evolution upon ageing was observed for both LPPS and 
HVOF sprayed coatings. Table  5-3 and Table  5-4 summarise the experimental 
observations of the three LPPS and three HVOF sprayed coatings respectively, in respect 
of β depletion zone, β phase coarsening, oxide layer, porosity level and retaining 
individual particles as a function of heat treatment. 
Both as-sprayed coatings show a fine structure with very limited or no evidence of oxide 
scale formation and phase coarsening. The HVOF as-sprayed coating contained a lot of 
poorly melted particles, and pores were found around the splats enriched in Y and O. The 
pre-service treatment carried out after the LPPS spraying process decreased the porosity 
level of the coating and promoted a fine grain structure across the coating. Upon ageing, 
the grain size and IDZ were much bigger in the long-term aged HVOF coating than in the 
LPPS coating. A protective alumina scale started to form continuously for both LPPS and 
HVOF sprayed coatings after short-term ageing. These oxide scales grew in thickness 
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upon further ageing and spinel-type structures were observed within the scales after long-
term ageing. 
Y was found to diffuse both outwards to the sub-surface and into the oxide scale, and into 
the IDZ area. It was typically associated with O, even in the as-sprayed coating. After 
ageing, Y-containing particles were found to grow and merge together in the sub-surface 
area whereas they only grew in size, rather than coalescing in the IDZ area. However, 
there are a few differences of those particles found in LPPS and HVOF sprayed coatings 
including particle morphology, distribution and their nature of phase. Y-containing 
particles were found mainly in the form of Y oxide (Y2O3) within all of the coating 
conditions, although there was some evidence for yttrium aluminium garnet and metallic 
Y being present. 
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Table  5-3 Summary of experimental observation of LPPS sprayed coatings. 
Sample 
Observations 
β depletion zone β phase coarsening Oxide layer Porosity Retained splats 
LPPS CT102 without TBC 
Un-aged 
Outer surface very 
smooth, no β depletion 
zone observed 
~3-5 μm No oxide layer clearly shown from EDX maps 
Bottom half of the 
coating (towards 
substrate) more pores Can only see them at 
relatively high 
magnifications, and not 
everywhere, mostly on 
the coating surface area.  
LPPS CT102 without TBC 
100hrs at 940°C 
Rough surface, may due 
to particle pull-out effect 
during sample 
preparation 
~5 μm 
~5-10 μm 
Discontinuous oxide 
layer mainly Al2O3 
observed and possible 
yttria, NOT 
YAG/YAM/YAP (No Al) 
No significant decrease 
in porosity compared 
with the un-aged sample 
LPPS CT102 with APS TBC 
2000hrs at 1000°C 
~100-120 μm 
Various thickness of (20-
100 μm) β phase band in 
the bulk of coating. The 
band decreases towards 
to the end of the sample. 
Spinel (Co/Ni oxide 
surrounded by Cr/Al 
oxide) with continuous 
Al2O3 oxide layer. 
Tiny Y rich oxides 
observed. 
Very few pores found in 
the coating compared 
with the HVOF sprayed 
coating. 
A band of voids found at 
part of the 
coating/substrate 
interface. 
Cannot see the individual 
particles clearly. 
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Table  5-4 Summary of experimental observations of HVOF sprayed coatings 
Sample 
Observations 
β depletion zone β phase coarsening Oxide layer Porosity Retained splats 
HVOF Praxair without TBC 
Un-aged 
No β depletion zone 
observed 
Very fine features 
< 1-2 μm 
No clear oxide layer 
observed 
Porosity level decreases 
as the heat treatment 
time increases 
 
Can see individual 
particles clearly, pores 
on the particle 
boundaries. HVOF Praxair without TBC 
1hr in vacuum + 96hrs in air 
~35-40 μm ~5 μm 
Al2O3 oxide layer and a 
few discrete Y rich 
particles on the surface 
particle boundary 
HVOF Co-211 with APS TBC 
2000hrs at 1000°C 
~80-100 μm 
Thin β phase band 
observed ~20-30 μm. 
The band disappeared 
toward to the end of the 
sample. 
Co/Ni oxide surrounded 
by Cr/Al oxide with 
continuous Al2O3 oxide 
layer. 
Tiny Y rich oxides 
observed. 
Along the 
coating/substrate 
interface. And porosities 
observed in the bulk of 
coating and some of 
them oxidised. 
Clearly on the surface of 
the bond coat.  
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6.1 Introduction 
The aim of this chapter is to design a new oxidation resistant coating, which is distinct 
from those already developed and which offers improved performance. The design route 
used for developing this coating is summarised in Figure  6-1 and the various steps taken 
will be discussed in detail in this chapter. 
 
Figure  6-1 Design route of an oxidation resistant coating. 
Firstly, a relevant literature survey was carried out to study the existing commercial 
MCrAlX coatings, with special attention paid to coating failure mechanisms, physical 
properties such as: coefficient of thermal expansion (CTE) and ductile-brittle transition 
temperature (DBTT) and the effect of coating chemical composition. Both 
thermodynamic equilibrium calculations and diffusion model simulations were then used 
in conjunction with a patent review, to study compositional effectiveness, phase stability 
Proposed compositions 
CTE calculations and diffusion model calculation 
Compare CTE values with proposed substrates Phase stability as functions of temperature and time 
Initial thermodynamic calculations 
Phase stability as a function of temperature Trial coating compositions 
Patent survey 
Seek composition space availability Composition constraints 
Literature search of current coatings 
Coating failure 
mechanism Mechanical properties Compositional studies 
Desired phase 
composition 
CHAPTER 6. DEVELOPMENT OF NEW OXIDATION 
RESISTANT COATINGS—PART 1 COATING DESIGN 
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and to seek potential coating composition space and constraints. A new CTE algorithm 
and diffusion model were then used on trial composition calculations. Finally, three 
compositions were chosen based on the simulation results as the candidates for new 
oxidation resistant coatings; these coatings were then studied experimentally in the later 
stages of this programme. 
6.2 Current Coating Studies 
MCrAlX coatings are commonly used to protect Ni-based superalloy turbine blades from 
the aggressive conditions in which industrial gas turbines operate, either as a top coating 
or with an additional layer of thermal barrier coating (TBC) on top. These MCrAlX 
coatings are specifically designed oxidation/corrosion resistant alloys that are deposited 
onto the blade surface. The composition of the MCrAlX (where M is Ni and/or Co) 
system is selected to give a good balance between the corrosion and oxidation resistance 
and coating ductility, whereas the active element additions represented by X include 
elements such as Y, Si, Ta and Hf which can enhance oxide scale adhesion and decrease 
oxidation rates. It is widely accepted that the current generation of MCrAlX coatings only 
provide adequate protection against either oxidation or hot corrosion but not both at the 
same time. In this review coatings designed to optimise protection for both of these 
situations is presented. 
6.2.1 Coating Failure Mechanism 
In this section, the performance of existing MCrAlX coating is discussed, with particular 
interest paid to key mechanical properties such as coating failure mechanisms, ductility 
and thermal expansion. Power generation gas turbines undergo thermal stress during 
operation at high temperatures and are also subjected to high centrifugal loading during 
service. In addition, they experience aggressive environments, which lead to a variety of 
possible failure mechanisms, which are listed in Figure  6-1. For the industrial gas turbine 
blades, common damage types are thermal fatigue, wear, spallation, oxidation, corrosion 
and microstructural degradation. 
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Table  6-1 Primary damage of hot section components in power generation engines 100. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure  6-2 illustrates typical strain-temperature cycles of coatings in comparison with the 
fracture strain. The strain axis crosses the temperature axis where the strain in the coating 
is zero. The substrate without any coating will eventually creep, as illustrated as the line 
crosses the temperature axis in Figure  6-2. With the addition of a coating, the temperature 
at which the substrate starts to creep will be increased to Tc (highlighted in red). The grey 
area represents the critical strain region and when the line crosses the critical strain region 
then the coating starts to crack. However, the strain where the coated substrate will start 
to crack is determined by the thermal expansion coefficients of coating and substrate. As 
illustrated in Figure  6-2, coatings with different thermal expansion coefficients have 
different strain gradients as they are cooling down. It is preferred that the thermal 
Section Primary damage 
Combustion liner Thermal fatigue cracking 
Wear 
Coating spallation 
Oxidation 
Corrosion 
Microstructural degradation 
Nozzle or vane 
 
Thermal fatigue cracking 
Wear 
Coating spallation 
Oxidation 
Corrosion 
Erosion 
Microstructural degradation 
Blade Creep 
High cycle fatigue 
Thermal fatigue cracking 
Wear 
Coating spallation 
Oxidation 
Erosion 
Corrosion 
Microstructural degradation 
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expansion coefficient of the coating is lower than that of the substrate, as the strain in the 
coating will be the lowest. 
 
Figure  6-2 Schematic illustration showing typical strain-temperature cycles of coatings in comparison to 
the fracture strain 100. 
6.2.2 Mechanical Properties 
Coefficient of Thermal Expansion (CTE) 
The coefficient of thermal expansion (CTE) of the coated Ni-based superalloy systems is 
a critical property for long-term service of turbine blades. The mismatch of CTE between 
the Ni-based superalloy substrate and coating can lead to coating spallation, and hence, 
coating failure. When improving and developing new coating systems for gas turbine 
blades, CTE is one of the most important factors that needs to be taken into account. 
CTE Algorithm Development 
In order to facilitate rapid assessment of the CTE in this research, an algorithm has been 
developed based on the previous work of Sung and Poirier 101, which provides an 
estimation of the coefficients of thermal expansion of solid Ni-based superalloys 
(Equation  6–1). The polynomial parameters presented in [101] are useful for calculating 
the CTE’s of γ+γʹ based Ni based superalloys up to 1300K (1027°C). However, the β 
phase is potentially present within the coating systems, therefore, a polynomial fitting 
equation (Equation  6–2) that was reviewed by Noebe and Bowman [102] was used to 
estimate the CTE of the β phase. 
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Equation  6-1 
𝛼 = 𝑑0 + 𝑑1𝐶𝑇𝑇 + 𝑑2𝐶𝐴𝐴+𝑑3𝐶𝐶𝐶 + 𝑑4𝐶𝛴 
𝐶𝑇𝑇 = Concentration of Ti in wt.% 
𝐶𝐴𝐴 = Concentration of Al plus V in wt.% 
𝐶𝐶𝐶 = Concentration of Cr in wt.% 
𝐶𝛴 = Sum of the concentrations of Ta, Nb, Mo and W in wt.% 
𝑑0,𝑑1,𝑑2, 𝑑3𝑎𝑎𝑑 𝑑4 = Constants 
 
Equation  6-2 
𝛼𝑁𝑇𝐴𝐴(𝐾−1) = 1.16026 × 10−5 + 4.08531 × 10−9(𝑅)− 1.58368 × 10−12(𝑅2)+ 4.18374 ×−16 (𝑅3) 
 
Equation  6-3 [102] 
𝛼𝐶𝐶𝐶𝐶𝑇 = �𝑊𝑛𝐶𝑛 𝛽𝜌𝐹𝐶𝐶 �× 𝛼 ± �𝑊𝛽𝜌𝛽 � × 𝛼𝛽𝑉𝑡𝐶𝑡𝑡𝐴  
W = Weight fraction (calculated by thermodynamic calculations) 
ρ = Density of phases 
V = Volume 
In the new algorithm, the required inputs include chemical composition in weight %, 
temperature in Kelvin, and phase amounts (γʹ, γ, β, α, σ) in weight %. The phase fractions 
are calculated using equilibrium thermodynamics as a function of composition and 
temperature. The calculation of CTEs has been carried out using Equation  6–3. It can be 
seen that there are two main parts in this equation; the calculation of the CTE of the 
phases except β and a CTE calculation for the β phase. This is because of the desire for a 
simpler calculation; all the phases that are present are divided into two categories: none β 
phase and the β phase. Phase amounts were used to estimate the volume fraction via 
densities of each phase. 
The work done by Sung [101] was based on Ni-based superalloy substrates, and therefore, 
elements such as Y were not taken into account. It was also assumed that the CTE of the γ 
and γʹ phases are very similar to each other, hence phases that were not β were initially 
considered to be the γ phase. In addition, the CTE can be determined in various forms 
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such as linear and volume respectively. This algorithm only applies to a linear CTE. 
However, this does not affect the result in a significant way. 
Typical CTE Values and Algorithm Validations 
It is extremely important to validate the algorithm developed with typical CTE 
measurements of substrates and coatings. From various literature sources [6, 103-105], 
experimental values of the CTEs of 17 Ni-based superalloys and 6 typical MCrAlX 
coatings were gathered and listed in Table  6-2. CTEs of these alloys and coatings were 
calculated using the algorithm developed, and compared with the experimental CTE 
values found in the literature.  
Figure  6–3 (a-b) are plots of experimental CTEs and calculated CTEs of alloys and 
coatings at different temperatures. It can be seen that there is a good correlation between 
the predicted and calculated values of CTE over a range of temperatures. 
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Table  6-2 Experimental CTE values of 17 Ni-based superalloys. 
Alloy Name α (𝐾−1 × 10−5) 
400K 700K 1000K 1300K 
Nimocast 713 LC 1.11 1.32 1.45 1.68 
Nimocast PD 21 1.26 1.30 1.40 1.62 
Nimocast PK 24 1.15 1.36 1.49 1.76 
Nimocast 738 1.15 1.34 1.48 1.70 
PWA 1480 1.16 1.26 1.37 1.58 
MAR-M 246 1.18 1.38 1.53 1.70 
Inconel 702 1.20 1.40 1.56 1.90 
M-252 1.06 1.22 1.40 1.54 
Udimet 500 1.28 1.37 1.53 1.80 
Alloy 1 (1.27) (1.45) 1.63 1.81 
Alloy 2 (1.18) (1.34) 1.50 1.73 
Alloy 4 (1.25) (1.41) 1.57 1.85 
Alloy 5 (1.23) (1.37) 1.51 1.80 
Alloy 9 (1.28) (1.43) 1.58 1.78 
Alloy 10 (1.17) (1.31) 1.45 1.67 
AM3 1.324 1.405 1.505 1.684 
MC2 1.084 1.270 1.387 1.566 
NiCoAlY 1.02 1.13 1.23 1.34 
CoNiCrAlY 0.965 1.17 1.37 1.57 
NiCoCrAlY 1.11 1.27 1.43 1.59 
CoNiCrAlY+Ta 1.22 1.33 1.43 1.54 
CoCrAlY 1.16 1.32 1.47 1.62 
NiCoCrAlY 1.27 1.45 1.63 1.82 
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(a) 
 
(b) 
Figure  6-3 Graphs comparing the coefficient of thermal expansion of (a) alloys and (b) coatings at 
different temperatures from experimental measurements available from literature sources and calculated 
using the algorithm developed in this work. 
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Calculated CTE /K-1 
CTE of coatings at different temperatures 
NiCoAlY (Itoh et al. 1995)
CoNiCrAlY (Itoh et al. 1995)
NiCoCrAlY (Itoh et al. 1995)
CoNiCrAlY+Ta (Itoh et al.
1995)
CoCrAlY (Itoh et al. 1995)
NiCoCrAlY (Pint et al. 2000)
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CTE Sensitivity Study 
A CTE sensitivity study was also carried out by varying the Ni, Co, Cr and Al 
concentrations across the composition ranges present in Table  6-3. Phase fractions within 
these alloys at 1000°C were calculated using a thermodynamic model (MTDATA). The 
CTE values were then determined using the algorithm developed and plotted as coloured 
contour maps as a function of Cr/Al and Co/Al in Figure  6-4 a and b respectively. 
Generally speaking, increasing either Cr and Al results in lower CTEs, and changes to the 
Co concentration does not have a significant influence on the CTE. 
In order to simplify the calculation and provide an indication of the inter-relationship 
between the four major elements, these elements were used in the phase fraction 
calculations and the CTE predictions; other elements such as Mo, Re, Ta and Ti that are 
present in commercial coatings were not taken into account. 
Table  6-3 Composition ranges of key elements in the CTE sensitivity study. 
 Al (wt. %) Co (wt. %) Cr (wt. %) Ni (wt. %) 
Composition range 5-13 0-40 16-40 Balance 
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(a) 
 
(b)  
Figure  6-4 Coloured contour map showing the CTE variations as function of compositions; (a) Cr/Al 
and (b) Co/Al. 
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Ductile-Brittle Transition Temperature (DBTT) 
The ductile brittle transition temperature (DBTT) is another important factor that affects 
coating performance. For gas turbine blades, ductile coatings are preferable; hence a low 
DBTT is desirable for long-term operation. 
Figure  6-5 [19, 37, 99, 106, 107] illustrates a plot of the temperature versus strain to 
cracking (DBTT curves) of some coating systems. The coating changes from ductile to 
brittle upon cooling, and the change of gradient indicates the temperature at which this 
change takes place. As shown in the graph, a general trend can be found that as the Al 
content in the coatings decreases (along the black arrowed line); the DBTT of coatings 
also decreases. However, this graph cannot give a clear overview of the DBTT trend as a 
function of composition, because there are other factors which can also affect the DBTT 
of coatings significantly such as the coating deposition process, stress conditions during 
service and also the testing methodologies. In addition, grain size and the type of phases 
present within the coatings may also influence the DBTT. 
 
Figure  6-5 A plot of the temperature versus strain to cracking of some typical coatings from the 
literature [19, 37, 99, 106, 107]. 
Figure  6-6 illustrates a series of DBTT curves of typical individual coating types from the 
literature. The phase fractions of some coatings are calculated using MTDATA software 
and they are marked in these graphs (as seen in Figure  6-6a-c). Figure  6-6 (a) illustrates 
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DBTT curves of typical CoCrAlY coatings and in general, the DBTT increases with the 
increase of β phase fraction. However, the Co-15Cr-10Al-Y coating does not fit in this 
trend. This is probably due to the different deposition processes used to deposit these 
coatings. Figure  6-6b illustrates DBTT curves of typical NiCrAlY coatings and in this 
case, the higher level of α phase gives a higher DBTT. DBTT curves of typical 
NiCoCrAlY and CoNiCrAlY coatings are illustrated in Figure  6-6c and the DBTT of the 
first type of coating is lower than the latter one. Figure  6-6d illustrates DBTT curves of 
typical diffused coatings and it is very hard to find any clear trend. 
In order to get an overview of the DBTT as function of compositions and phase fractions, 
the DBTT curves of 24 typical coatings were plotted into the same graph (Figure  6-7). 
However, no clear trend exists between these coatings. Therefore, trends that were 
observed from the previous individual coating types such as the fact that high levels of β 
phase and α phase increase the DBTT, are not applicable for all the coatings. This is 
because there is more than one factor that can influence the DBTT behaviour, and all the 
data that were used in this analysis came from various sources and references. Therefore, 
a reliable analysis of DBTT behaviour of coatings in practice needs a systematic data set 
under controlled conditions. 
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(a) 
 
 
 
(b) 
 
(c) 
 
(d) 
Figure  6-6 Re-digitized DBTT curves of typical individual coating types, (a) typical CoCrAlY coatings, (b) typical NiCrAlY coatings, (c) typical NiCoCrAlY and CoNiCrAlY coatings and (d) typical diffused coatings [19, 37, 99, 106, 107]. 
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DBTT curves of typical NiCrAlY coatings 
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144 
 
 
Figure  6-7 An overview DBTT curves of a range of typical coatings from literature [19, 37, 99, 106, 107]. 
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6.2.3 Compositional Studies 
Detailed composition studies were carried out using both thermodynamic calculations and 
a diffusion based model to investigate the composition space and phase stability over a 
selected temperature range. A literature survey was also carried out on the effectiveness 
of minor elements on coating performance. 
Thermodynamic calculations 
Two specific compositions were selected for the thermodynamic calculations and they 
were: 70Ni/0Co to 0Ni/70Co at 8Al and 22Cr (wt.%) and 70Ni/0Co to 0Ni/70Co at 10Al 
and 20Cr (wt.%). Phase fractions versus temperature graphs for each composition were 
plotted and are illustrated in Figure  6-8 and Figure  6-9. In both figures, increasing Co 
level leads to a lower formation temperature of the γ phase and also stabilise the β phase 
at lower temperatures. At low Co levels, the α-Cr phase is present and as the Co increases, 
increasing amount of Cr-rich σ phase will be formed. The σ phase fraction in the higher 
Cr composition (Figure  6-8) is higher than that in the lower Cr composition (Figure  6-9), 
therefore, increasing Cr gives more σ phase. 
The following conclusions can be drawn from the thermodynamic calculation studies: 
• Increasing Co stabilises the β phase 
• Increasing Co also increases the amount of Cr-rich phases, and stabilises them to 
higher temperatures 
• α-Cr is predicted to be present at low Co contents, then the σ phase is formed 
instead at higher Co contents 
• Increasing Cr gives more σ phase 
• Increasing Al stabilises γʹ 
Diffusion Model Simulations 
Figure  6-10 illustrates the outputs of diffusion model simulations for selective coatings on 
an IN738 substrate after ageing at 900°C for 10,000 hours. Amdry 963 (25Cr-6Al-0.5Y-
Ni) (Figure  6-10a) homogenises quickly compared to CT104 (23Co-22Cr-11Al-0.4Y-
4Hf-0.4Si-Ni) (Figure  6-10b) after 900°C/10,000h ageing. Amdry 963 is a typical 
NiCrAlY coating and CT104 is a typical NiCoCrAlY, hence, the addition of Co 
complicates the homogenisation process. SC2442 (22Co-17Cr-12.5Al-0.4Si-0.6Hf-0.6Y-
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Ni) (Figure  6-10c) and SC2453 (10Co-28Cr-12Al-3Re-0.6Y-Ni) (Figure  6-10d) 
comparison shows their ability to retain β (or Al) phase longer than other coatings. 
 
(a) 
 
(b) 
 
(c) 
 
(d) 
 
(e) 
Figure  6-8 Graphs showing thermodynamic calculations of different NiCoCrAl systems with constant Al 
(8 wt.%) and Cr (22 wt.%) and various Ni and Co levels (wt.%), (a) 70Ni/0Co, (b) 52.5Ni/17.5Co, (c) 
35Ni/35Co, (d) 17.5Ni/52.5Co and (e) 
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(a) 
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(c) 
 
(d) 
 
(e) 
Figure  6-9 Graphs showing thermodynamic calculations of different NiCoCrAl systems with constant Al 
10 wt.%) and Cr (20 wt.%) and various Ni and Co levels (wt.%), (a) 70Ni/0Co, (b) 52.5Ni/17.5Co, (c) 
35Ni/35Co, (d) 17.5Ni/52.5Co and (e) 0Ni/70Co. 
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(a) 
 
(b) 
 
(c) 
 
(d) 
Figure  6-10 Diffusion model output for selective coatings on an IN738 substrate and aged at 900°C for 10,000 hours; (a) Amdry963, (b) CT104, (c) SC2442 and (d) 
SC2453. 
149 
 
Phase sensitivity study 
A phase sensitivity study was carried out to investigate the effects of key element levels 
on the β phase within the coating at different temperatures and ageing times. SC2442 
(22Co-17Cr-12.5Al-0.4Si-0.6Hf-0.6Y-Ni) was chosen as the basic composition, with 
various Al levels of 11.5, 12.5 and 13.5 wt.%. Figure  6-11 illustrates the Co and Cr 
composition variation and marks the various compositions that have been analysed in this 
study. The diffusion model was used and the phase fraction across the whole 
coating/substrate system was integrated using Simpson’s rule [3]. Two substrates were 
taken into account during the calculation and they were: IN738 and CMSX4 at 900 and 
1000°C for ageing up to 20,000 hours. 
 
Figure  6-11 A graph showing the effect of Co and Cr composition variation based on SC2442. 
Figure  6-12 shows the β fraction of a coating with a specific Al level (12.5 wt.%) on two 
substrates (IN738 and CMSX4) after ageing for 1000 hours at 900°C. In the IN738 case 
(Figure  6-12a), the weight % of the β phase increases with Co and Cr. A similar trend can 
be found in the CMSX4 case (Figure  6-12b), the weight % of the β phase increases with 
Co and Cr but the general level of the β phase is higher than that in IN738. This is 
because the Al level is higher in the CMSX4 substrate than IN738, and therefore there is 
less Al inter-diffusion between coating and CMSX4 substrate, hence there is more Al 
remaining in the coating to form the β phase. 
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(a) 
 
(b) 
Figure  6-12 Coloured contour maps Illustrate the β phase in wt.% within coating with 12.5 wt.% Al after 
1000 hours ageing at 900°C on (a) IN738 substrate and (b) CMSX4 substrate. 
A comparison of the diffusion model outputs of the 37 coatings on a CMSX4 substrate 
after 1000 hours ageing at 900°C shows that they could be divided into four different 
groups according to their phase distribution (Figure  6-13). There is only one coating in 
the first group with a composition of 42.5Ni-22Co22-22Cr-13.5Al (wt.%). The diffusion 
model output of this coating (Figure  6-13a) shows there were only two phases within the 
coating and they were the β and σ phases. Group two coatings consist of three phases: β, 
σ and the γ phases (Figure  6-13b). The third group are dual-phase coatings containing γ 
and the β phases (Figure  6-13c) and group four coatings contain γ, γʹ and β phases. 
One specific coating was selected from each of the four groups, and their diffusion model 
outputs are shown in Figure  6-14. The Cr/Al and Ni/Co ratios were calculated for these 
four coatings. A summary of the coating study on the variation of β fraction of 37 
coatings on CMSX4 at 900°C can be drawn as follows: 
• The β fraction and the presence of other phases within coating depends on 
composition; 
• At high Cr/Al ratio, increasing Ni/Co gives γ phase; 
• At low Cr/Al ratio, increasing Ni/Co gives γʹ phase; 
• At low Ni/Co ratio, increasing Cr/Al gives σ phase and γ disappears; 
• At high Ni/Co ratio, increasing Cr/Al gives σ phase and γʹ disappears; 
• Increasing both Ni/Co and Cr/Al, gives σ phase and lower γ fraction. 
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(a) 
 
(b) 
 
(c) 
 
(d) 
Figure  6-13 Diffusion model output of selective compositions which represent the four different groups that have different phase distribution on an CMSX4 
substrate after 1000h ageing at 900°C;(a) coating with only the β and σ phases, (b) coating with the β, σ and γ phases, (c) coating with only the γ and β phases, and 
(d) coating with the γ, γʹ and β phases. 
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(a) 
 
(b) 
 
(c) 
 
(d) 
Figure  6-14 Plots of diffusion model outputs of selective compositions on an CMSX4 substrate after 1000 hours ageing at 900°C; (1) high Cr/Al and low Ni/Co, (2) 
low Cr/Al and Ni/Co, (3) high Cr/Al and Ni/Co, and (4) low Cr/Al and high Ni/Co.
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6.2.4 Effectiveness of Minor Elements On Coating Performance 
A general trend of coating compositions versus both oxidation and corrosion resistant is 
shown in Figure  6-15. The effectiveness of major elements within MCrAlX coatings 
including Ni, Co, Al and Cr have been covered both in the literature review and previous 
composition studies, therefore only minor elements are discussed in detail in the 
following section. 
 
Figure  6-15 A schematic diagram illustrating the general compositions of coatings for oxidation and hot 
corrosion resistance [107]. 
Reactive Element Effects 
Elements such as Pt, Y, and Zr are added into the MCrAlX systems to improve scale 
adhesion or spallation resistance [67]. The reactive-element (RE) ions segregate to the 
metal/scale interface and inhibit interfacial void growth, and on the scale grain boundaries, 
which reduces outward cation diffusion. These effects will result in a change in the 
oxidation mechanism and the oxidation rate will be reduced. In addition, the presence of 
reactive elements can modify scale microstructure and improve selective oxidation in 
Cr2O3 formers. Dynamic segregation theory can be used to explain the reactive element 
effects on Cr2O3 and Al2O3 former coatings. In terms of alloy lifetime, the RE effect on 
scale adhesion appears to be much more important than the effect on scale growth rate. 
Reducing the scale growth rate will not necessarily result in an improvement in alloy 
lifetime [68, 69]. 
Platinum and Silicon 
Recent research on the effects of Pt and Si on the hot corrosion behaviour of γʹ-Ni3Al 
based alloys has been carried out [107]. The results show that an addition of 2.5 at.% Pt 
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can improve the hot corrosion significantly. Pt additions also stabilise the γʹ phase in γ/γʹ 
systems and improve scale adhesion. Small amounts of Si and Pt additions in Cr 
containing γ/γʹ alloy systems improve their hot corrosion resistance. 
The addition of Si promotes SiO2 subscale formation and improves oxidation resistance. 
A high Si content decreases the need for pre-oxidation (which generally improves type II 
hot corrosion resistance). However, the addition of Si tends to make the coating alloy 
brittle, which may lead to coating spallation after long-term service. In addition, the Al 
content affects the Si solubility limit. Si destabilises the γʹ phase. 
Rhenium 
Re containing MCrAlX coatings were developed by Czech and Schmitz in 1989 [72]. Re 
is mainly present in the coating in the form of α- and σ-phase precipitates [24]. The 
influence of Re cannot be defined clearly because both the Cr and Al content has an 
influence on the oxidation rate. However, Re additions could affect the diffusion 
behaviour of other elements (mainly Al) to the surface. Therefore, the oxidation rate is 
lower and the β depletion in the coating takes more time [74]. It has been found that 10 
wt.% of Re addition in the coating leads to a significant increase in the high temperature 
strength capability and improvement in thermal fatigue [74]. Re addition in MCrAlX 
coatings promotes a Cr/Re-rich α-phase below the oxidation layer and this phase probably 
improves oxidation and corrosion resistance, and also improves the thermal mechanical 
properties of MCrAlX coatings [74]. This Cr/Re-rich α-phase also influences the activity 
of Al, and aids the formation of a dense Al2O3 oxide layer [74]. Re additions can stabilise 
the α-Cr phase and negatively affect the early stages of oxidation [24]. Since the 
coefficient of thermal expansion (CTE) values of α-Cr and the Al2O3-rich scale are 
similar, the enhanced precipitation of α-phase at the coating/scale interface can reduce the 
thermal stresses and result in better scale adhesion. Therefore, Re additions improve the 
long-term oxidation resistance of NiCrAlXs. Excessive Re amounts can lead to 
significant precipitation of brittle α- and σ-phases and embrittlement of coating [25]. 
6.3 Composition Spaces and Constraints 
The new coating must be an Al2O3 former to provide the protection against oxidation, and 
must be thermodynamically stable in the temperature range of interest which is between 
850 and 1050°C (oxidation regime). In addition, it should have a lower CTE value than 
that of the substrate, in this case less than that of CMSX4 and IN738. A coating with low 
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DBTT is preferable as this enables the capability of long-term service of the coating. 
Furthermore, the new coating must be adherent and intact, and must be compatible with 
the use of a TBC. Finally, the coating should be as cheap as possible. 
Current coatings normally consist of β phase within γ and/or γ′ phase. From the literature 
survey, β phase is a brittle phase, which increases DBTT and affects the coating’s long-
term stability in service. However, in order to produce sufficient Al2O3 scale, a coating 
with a high Al level is necessary, hence the presence of the β phase will be unavoidable. 
Therefore the designed coating will be three phase γ/γ′/β, with no more than 50% β. This 
is to keep β within a more ductile matrix of γ/γ′, as a consequence, the coating may 
include some Ta to stabilise the γ′. 
A patent survey [72, 109-126] also provides some composition constraints. The Al level 
normally lies between 8 to 13.5 wt.%, with a moderate amount of Cr (< 22.5 wt.%) and 
Co (< 20 wt.%). Reactive elements such as Hf and Y are desirable because co-doping 
with them can increase the coating adherence and affect the growth rate of the thermally 
growth oxide (TGO). 
A series of thermodynamic calculations were carried out, in order to have a general 
overview of the phase stability as functions of the composition level of key elements. 
Based on these initial calculations, 7 compositions as listed in Table  6-4 were chosen for 
further simulations such as CTE value calculation and diffusion simulations. 
Table  6-4 Compositions that were chosen based on initial thermodynamic phase stability calculations. 
Coatings Ni Al Cr Co Ta 
1 Bal 12.0 22.5 20 0 
2 Bal 10 10 20 0 
3 Bal 10 6 48 - 
4 Bal 8 10.5 36 0 
5 Bal 12 2.25 20 6 
6 Bal 12 11.25 20 6 
7 Bal 12 22.5 20 3.5 
 
CTE values of all the 7 compositions were calculated using the CTE algorithm developed 
in this programme and the results are listed in Table  6-5. As previously discussed, the 
CTE value of coatings should be less than that of the substrate to prevent/minimise 
coating failure. Based on the CTE calculation compositions, only composition 1 and 7 are 
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compatible with both CMSX4 and IN738 substrates. Composition 6 is suitable for IN738 
only. 
Table  6-5 CTE values of the 7 trial coating compositions. 
Materials 
Weight fraction of phase (from MTDATA) CTE calculated 
(K-1) Gamma Gamma-Prime Beta Alpha Sigma 
IN738 57.52 42.48    1.629E-05 
CMSX4 33.45 64.99   1.56 1.534E-05 
Composition 1 22.40  58.68  18.92 1.463E-05 
Composition 2 30.07 60.60 9.33   1.788E-05 
Composition 3 55.18  44.82   1.652E-05 
Composition 4 78.74  21.27   1.724E-05 
Composition 5  80.56 19.44   1.700E-05 
Composition 6 26.69 26.77 46.54   1.608E-05 
Composition 7 12.96  61.76  25.28 1.410E-05 
 
Diffusion model simulations have also been carried out for the 7 trial compositions on 
both CMSX4 and IN738 substrates. The phase distribution profiles of each coated system 
after 10,000 hours at 950°C are plotted in Figure  6-16 and Figure  6-17 respectively. 
Compositions 1, 6 and 7 show a good γ′ peak at the coating / substrate interface; and the 
coatings consist of less than 50 wt.% of the β phase with γ / γ′ matrix.  Composition 7 has 
a four phase microstructure consisting of γ, γ′, β and σ, but has CTE value that is 
compatible with both CMSX4 and IN738. Compositions 2 and 4 equalise with the 
substrates and therefore there is no γ′ peak at the interface. There is no γ′ peak at the 
coating / substrate interface within compositions 3 and 5, which means there are large 
inter-diffusion zones within these coatings. Three coating compositions were thereore 
selected based on the CTE and diffusion calculations and they are listed in Table  6-6. 
Table  6-6 Proposed compositions of oxidation resistant coatings. 
Coating Al Cr Co Ta Y Hf Ni 
1 12.0 22.5 20.0 0.0 0.8 – 1.2 0.5–0.8 At.% Bal 
6 12.0 11.25 20.0 6.0 0.8 – 1.2 0.5–0.8 At.% Bal 
7 12.0 22.5 20.0 3.5 0.8 – 1.2 0.5–0.8 At.% Bal 
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Figure  6-16 Diffusion simulations of the 7 trail coating compositions on CMSX4 substrate after 10000h 
ageing at 950°C. 
 
0
10
20
30
40
50
60
70
80
90
100
0 100 200 300 400 500 600
W
ei
gh
t %
 o
f p
ha
se
Distance (µm)
C1-CMSX4               950oC phase distribution after 10000h
γ
γ′
β
σ
α
µ
SubstrateMCrAlY
0
10
20
30
40
50
60
70
80
90
100
0 100 200 300 400 500 600
W
ei
gh
t %
 o
f p
ha
se
Distance (µm)
C2-CMSX4               950oC phase distribution after 10000h
γ
γ′
β
σ
α
µ
SubstrateMCrAlY
0
10
20
30
40
50
60
70
80
90
100
0 100 200 300 400 500 600
W
ei
gh
t %
 o
f p
ha
se
Distance (µm)
C3-CMSX4               950oC phase distribution after 10000h
γ
γ′
β
σ
α
µ
SubstrateMCrAlY
0
10
20
30
40
50
60
70
80
90
100
0 100 200 300 400 500 600
W
ei
gh
t %
 o
f p
ha
se
Distance (µm)
C4-CMSX4               950oC phase distribution after 10000h
γ
γ′
β
σ
α
µ
SubstrateMCrAlY
0
10
20
30
40
50
60
70
80
90
100
0 100 200 300 400 500 600
W
ei
gh
t %
 o
f p
ha
se
Distance (µm)
C5-CMSX4               950oC phase distribution after 10000h
γ
γ′
β
σ
α
µ
SubstrateMCrAlY
0
10
20
30
40
50
60
70
80
90
100
0 100 200 300 400 500 600
W
ei
gh
t %
 o
f p
ha
se
Distance (µm)
C6-CMSX4               950oC phase distribution after 10000h
γ
γ′
β
σ
α
µ
SubstrateMCrAlY
0
10
20
30
40
50
60
70
80
90
100
0 100 200 300 400 500 600
W
ei
gh
t %
 o
f p
ha
se
Distance (µm)
C7-CMSX4               950oC phase distribution after 10000h
γ
γ′
β
σ
α
µ
SubstrateMCrAlY
158 
 
  
  
  
 
 
Figure  6-17 Diffusion simulations of the 7 trail coating compositions on IN738 substrate after 10000h 
ageing at 950°C. 
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6.4 Summary 
A systematic study of current coatings has been carried out including coating failure 
mechanisms, typical mechanical and physical properties (CTE and DBTT) and coating 
composition studies. A new algorithm for the CTE calculation for coatings has been 
developed. Phase stability/sensitivity and effectiveness of elements of coatings were also 
investigated. A patent survey was then carried out to seek potential coating composition 
space and constraints, followed by trial composition calculation using CTE algorithm and 
diffusion model simulations. Finally, three compositions were chosen based on the 
previous simulation results as the designed oxidation resistant coatings for higher 
temperature range. Coatings with these compositions were subsequently produced by a 
commercial powder manufacturer and then sprayed onto selected Ni-based superalloy 
substrates using a HVOF spraying gun. Systematic experimental characterisations of 
these oxidation resistant coatings have carried out and are discussed in Chapter 7. 
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7.1 Introduction 
This chapter presents and discusses the detailed microstructural characterisation carried 
out on three oxidation resistant MCrAlX coatings, which have been designed for the 
purpose of oxidation resistance at higher temperatures (> 950°C). The nominal 
compositions of these coatings are listed in Table  7-1. Both as-manufactured powders and 
fully processed coating systems have been investigated. Coatings were sprayed onto 
CMSX4 substrates using an HVOF spraying gun. The coating systems were examined in 
the as-received condition, in addition to pre-service vacuum heat treatment and 
isothermal ageing conditions. All samples underwent a vacuum pre-service heat-
treatment at 1100°C before isothermal ageing. A systematic isothermal ageing program as 
illustrated in Table  7-2 was carried out in a controlled laboratory furnace at 880, 940 and 
1000°C each for 100, 1500 and 3,000 hours. These temperatures were chosen to be 
representative of possible service conditions experience by gas turbine blades. However, 
due to the time constraints with this project, only coatings aged at 880 and 1000°C have 
been investigated in detail. A variety of advanced techniques have been used to study the 
microstructural evolution of powders and coated systems. Experimental results have also 
been compared with diffusion model simulations in terms of the oxide scale thicknesses 
and chemical/phase profile across the coated systems. 
Table  7-1 Nominal compositions of three oxidation resistant coatings that were designed at 
Loughborough University. 
Powder 
Name 
Elements (wt.%) 
Ni Al Co Cr Ta Y Si Hf 
A Bal. 12 20 22.5 0.0 0.3 0.3 0.3 
B Bal. 12 20 22.5 3.5 0.3 0.3 0.3 
C Bal. 12 20 11.25 6.0 0.3 0.3 0.3 
 
CHAPTER 7. DEVELOPMENT OF NEW OXIDATION 
RESISTANT COATINGS—PART 2 COATING 
MANUFACTURE AND EVALUATION 
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Table  7-2 Heat treatment times and temperatures carried out on the designed oxidation resistant coated 
systems in a lab furnace in air. 
Temperature 
(°C) 
Time (hours) 
100 1500 3000 
880 ✓ ✓ ✓ 
940 ✓   
1000 ✓ ✓ ✓ 
7.2 Microstructural Characterisation of As-received Oxidation 
Resistant Coating Powders 
7.2.1 Microstructure overview 
The initial microstructural overview of the three new oxidation resistant coating powders 
has carried out using backscattered electron (BSE) images of cross-sections of these 
powder particles; typical examples are shown in Figure  7-1. The cross-section of a 
commercial Praxair powder was also examined as a benchmark to compare with the three 
designed powders. 
A similar microstructure was observed in the cross-section of all three designed powders 
(Figure  7-1 a-c). Three phases can be identified by the contrast in the images within all 
three powder particles; a dark grey matrix, bright particles and an inter-connected 
network phase. All bright particles were found to be embedded within the inter-connected 
network phase. As illustrated in Figure  7-1 d, the as-received Praxair powder possesses a 
fine dual-phase microstructure consisting of a dark grey phase within a light grey matrix. 
The microstructural difference between the commercial powder and three designed 
powders is noticeable, and the reason for the difference is most likely the result of the 
compositional differences between the powders. The designed powders contain Y and a 
number of other elements such as Hf, Si and Ta, whereas Y is the only reactive element in 
the Praxair powder. The main contrast mechanism in backscattered electron images is ‘Z’ 
or atomic number contrast, which means areas containing light elements such as Al 
possess reduced intensities and appear dark in the image. 
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(a) 0 Ta 
 
(b) 3.5 Ta 
 
(c) 6 Ta 
 
(d) Commercial Praxair powder 
Figure  7-1 Typical BSE images taken from cross-sections of (a-c) designed oxidation resistant coatings 
A, B and C; and (d) commercial Praxair powder. 
7.2.2 Characterisation of As-received Coating Particles 
To study the phases and chemical distribution in the powder particles in more detail, a 
single particle was selected for all three designed powders, and a TEM lamella was 
prepared from it. The detailed microstructures of these particles are illustrated using a 
series of bright field TEM images in Figure  7-2. Precipitates were found on the grain 
boundaries in all three particles as demonstrated in Figure  7-2 (b, d and f). 
A series of STEM EDX maps were collected from particles from the three coatings A-C 
and are presented in Figure  7-3, Figure  7-4 and Figure  7-5 respectively. All three 
designed coating particles shown possess a dual-phase microstructure, consisting of an Al 
rich phase and an inner-connected network phase which is Cr rich with a moderate Co 
content. In addition, the Y and Hf maps demonstrate that there is a third phase present in 
the coating A powder. This phase is a thin band embedded within the inner-connected 
network phase. The two designed coatings with Ta additions also possess a third phase, 
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however, in this case the phase appears as particles which are rich in Ta and are 
embedded within the inner-connected network phase. The Y distribution maps also show 
that there is a thin layer of Y on the outer surface of all samples, since Y has high O 
activity it is likely to be associated with O. 
Spot EDX data were also collected from these precipitates and the surrounding grains as 
marked with annotations in Figure  7-2, to study the phases present within these powder 
particles. The chemical analysis results are summarised in Table  7-3. Two phases with 
different Al and Cr content levels were detected in all three designed powder particles. 
The type I phase contains a higher level of Al (15-18 wt.%) but a lower Cr level than the 
type II phase which has a Al level of 4-9 wt.%. Both Y and Hf are observed to segregate 
to grain boundaries in coating A particles; Ta was also found on the grain boundaries at 
the two designed coatings with Ta additions. 
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(a) 
 
(b) 
 
(c) 
 
(d) 
 
(e) 
 
(f) 
 
Figure  7-2 Bright field TEM images of selected coating powder particles illustrating the microstructures, 
(a-b) coating A without Ta addition, (c-d) coating B with 3.5 wt.% Ta and (e-f) coating C with 6 wt.% Ta. 
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Figure  7-3 HAADF image and EDX derived chemical distribution maps of selected elements in coating 
A powder particle. 
 
HAADF 
 
Al 
 
Co 
 
Cr 
 
Y 
 
Ni 
 
Hf 
 
Ta 
Figure  7-4 HAADF image and EDX derived chemical distribution maps of selected elements in coating 
B powder particle. 
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Figure  7-5 HAADF image and EDX derived chemical distribution maps of selected elements in coating 
C powder particle. 
 
Table  7-3 EDX spot analysis results collected from coating A grain boundaries and grains. 
Coating Area 
Elements/wt.% 
Al Cr Co Ni Y Hf Ta 
A 
GBs 7.3±1.2 15.8±4.4 16.4±2.1 43.7±2.2 8.2±2.8 5.8±2.1  
Type I 18.3±2.0 17.0±3.1 19.1±0.8 45.3±2.3 - -  
Type II 9.6±0.0 29.8±0.7 22.6±0.1 37.1±0.5 - -  
B 
GBs 5.6±0.7 18.7±4.3 17.9±1.7 37.8±3.0 7.9±3.0 2.5±0.3 8.7±1.4 
Type I 15.1±0.7 20.3±1.4 21.3±1.3 40.7±1.7 - - 2.1±0.1 
Type II 8.8±2.2 23.7±3.1 21.1±0.7 38.0±2.8 3.0±0.4 - 5.0±0.7 
C 
GBs 10.0±6.3 15.2±5.8 24.2±3.2 43.6±6.1 - - 4.4±1.5 
Type I 17.3±1.9 8.5±0.8 20.8±0.9 50.5±0.6 - - - 
Type II 4.8±0.5 22.1±1.2 26.5±1.9 38.6±2.2 - - 5.0±0.8 
* GB=Grain Boundary 
1 µm
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7.3 Microstructural Characterisation of Coatings in the As-Sprayed 
and Pre-service Heat-treatment Conditions 
7.3.1 Microstructure Overview of As-sprayed Coatings 
Figure  7-6 shows typical backscattered electron micrographs of the three designed 
oxidation resistant coated CMSX4 systems in their as-sprayed conditions. 
 
Figure  7-6 Backscattered electron images illustrating (a-c) the overall microstructure across the coated 
systems in as-sprayed condition, (d-f) near the coating surface and (g-i) IDZ area. 
A microstructural overview of each of these coatings is presented in Figure  7-6 (a-c). 
There are no significant differences in the porosity level between these three coated 
systems. A series of higher magnification backscattered electron images in Figure  7-6 (d-i) 
show the microstructure of the coating surface and IDZ of all three coatings in more 
detail. There is no visible continuous oxide scale or beta depletion zone in any of these 
coatings. Individual coating powder particles are observed within all three coatings and 
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are labelled in Figure  7-6 (d-f). No inter-diffusion zone or secondary reaction zone is 
observed at the coating/substrate interface. 
No surface finishing procedure was carried out on these as-sprayed coatings, therefore the 
surfaces are quite rough. In the as-sprayed condition, prior to the pre-service heat 
treatment the coatings possess pores, residual coating splats and an absence of an IDZ at 
the interface with the substrate. 
7.3.2 Microstructure Overview of Vacuum Heat Treated Coatings 
 
Figure  7-7 Backscattered electron images showing the microstructure of the three coatings after 1 hour 
vacuum treatment at 1100°C, (a-c) microstructural overview across the coated systems, (d-f) near the 
coating surface and (g-i) IDZ area. 
The microstructures of the three coated systems after a 1 hour vacuum heat-treatment at 
1100°C are shown in Figure  7-7. Homogeneous microstructures are observed across the 
three coated systems with no evidence of any residual individual splats. Oxide scales 
have started to form on the coating surface as illustrated in Figure  7-7 (d). All three 
designed coatings consist of a fine dual-phase microstructure; this can be seen in the 
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backscattered electron images in Figure  7-7 (d-i) in which two discrete intensities can be 
seen in the coating. The Ta containing coatings also contain small isolated bright particles 
in the backscattered electron images shown in Figure  7-7 (e) and (f). The formation of an 
IDZ at the coating and substrate interface can also be observed in all three coating 
systems. The vacuum heat treatment homogenises the microstructures of the coatings and 
leads to the formation of an oxide scale and IDZ. In addition, the porosity levels within 
all three vacuum heat-treated coatings are found to be significantly less than that in their 
analogous as-sprayed condition. 
Table  7-4 and Table  7-5 summarise the chemical composition of the different phases in 
the bulk of the coatings and IDZs respectively. Chemical analysis results show that all 
three coatings consist of two phases with different Al contents. The phase with the higher 
Al level (14-16 wt.%) has a slightly lower Cr level whereas the phase with a lower level 
Al (4-7 wt.%) shows a higher Cr level. Spot EDX analysis results suggested that the IDZ 
is rich in W (~4.5 wt.%) and Re. 
The phases predicted to be present at 1100°C within the three coatings under 
thermodynamic equilibrium condition are shown in Table  7-6. Beta and gamma phases 
are predicted to occur in all coatings. A small amount of alpha-Cr phase (< 5 wt.%) is 
predicted to be present in coatings A and B. Coating C is predicted to contain the gamma-
prime phase, and the presence of this phase can be attributed to the addition of 6 wt.% Ta, 
which is known to be a gamma-prime former [127-134]. 
Table  7-4 A comparison of chemical compositions between different phases within the bulk of the 
coatings. 
Coating 
System Phases 
Key Elements (wt.%) 
Al Cr Co Ni Ta 
A 0 Ta 
Bright Phase 6.8±2.7 27.6±4.6 26.1±2.8 38.3±4.5 - 
Coating Matrix 14.2±2.9 23.0±0.6 21.8±0.8 40.0±2.2 - 
B 3.5 Ta 
Bright Phase 4.5±0.7 26.3±2.1 23.9±2.0 40.0±3.5 2.1±1.9 
Coating Matrix 15.3±0.8 17.6±2.2 18.8±0.1 44.1±1.6 3.5±0.6 
C 6 Ta 
Bright Phase 4.8±0.2 19.4±0.2 28.5±0.5 40.1±0.3 6.0±0.8 
Coating Matrix 16.3±0.3 7.5±0.3 18.5±0.1 52.0±0.9 4.7±0.7 
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Table  7-5 A comparison of chemical compositions of the IDZ phase formed in the three designed 
coatings. 
Coating 
System 
Key Elements (wt.%) 
Al Cr Co Ni Ta W Re 
A 0 Ta 10.1±4.6 16.2±5.5 15.7±3.1 47.0±7.2 5.4±1.2 4.4±2.1 0.7±1.0 
B 3.5 Ta 11.9±1.2 10.3±1.2 12.9±1.1 49.8±1.4 9.5±0.4 4.6±0.6 0.1±0.1 
C 6 Ta 6.5±0.8 8.6±3.4 17.4±2.6 49.7±3.0 11.7±3.0 4.4±0.1 0.7±0.8 
 
Table  7-6 Thermodynamic equilibrium phase predictions of the three designed coatings at 1100°C. 
Coating System Phases Predicted 
A 0 Ta Beta, Gamma and alpha-Cr 
B 3.5 Ta Beta, gamma and alpha-Cr 
C 6 Ta Beta, gamma and gamma prime 
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7.4 Results and Discussion from Fully Processed Coated CMSX4 
Systems 
7.4.1 Microstructural Overview of Fully Processed Coated Systems 
Microstructural overviews of the fully processed coated systems aged at 880°C and 
1000°C are provided in Figure  7-8 and Figure  7-9 respectively. These backscattered 
electron images demonstrate that all three coatings have developed a homogeneous 
microstructure after up to 3,000 hours ageing at both 880°C and 1000°C. Phase 
coarsening can be observed as the coatings undergo longer ageing times and at the higher 
ageing temperature. A continuous oxide scale is formed on all the three coatings, and a 
detailed discussion of the oxidation behaviour of these coating is provided in 
Section  7.4.2 of this thesis. Internal oxides are observed in the coatings that are aged at 
880°C for 1500 and 3,000 hours, also in the long term aged coating C at 1000°C. These 
oxides were present after the coating process and most of these internal oxides are found 
to be preferentially located at the original coating/substrate interface. 
After 100 hours ageing at both temperatures, the IDZ is found to have a thickness less 
than 50 µm for all three coatings, which is labelled using a red dashed square in 
Figure  7-8 and Figure  7-9. In general the IDZ thickness is observed to increase with 
increasing ageing time. However, at the lowest temperature (880°C) there is no 
significant IDZ thickness growth after 1500 hours ageing. Bright TCP phases are formed 
within the IDZ in all three coatings. These TCP phases possess a variety of morphologies, 
from small blocks at 880°C to long thin needle shape at 1000°C. 
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Figure  7-8 Typical backscattered electron images illustrating microstructural overview of the three coated CMSX4 systems after 100/1500/3000 hours ageing at 
880°C, (a-c) coating A, (d-f) coating B and (g-i) coating C.
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Figure  7-9 Typical backscattered electron images illustrating microstructural overview of the three coated CMSX4 systems after 100/1500/3000 hours ageing at 
1000°C, (a-c) coating A, (d-f) coating B and (g-i) coating C.
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A microstructural overview of the three coatings aged at 880°C is provided in a series of 
backscattered electron images in Figure  7-10, that were taken at both the coating surface 
and the coating/substrate interface. The oxide scales formed on top of the Ta containing 
coatings contain bright particles, and this is particularly pronounced in the coating with 6 
wt.% Ta addition. The backscattered images of the coating without any Ta addition show 
two discrete intensities which suggests that the coating has a fine dual-phase 
microstructure. This is confirmed by spot EDX analysis which showed that the two 
phases had compositions consistent with β and γ phases. A beta depletion zone is 
observed for all three coatings underneath the oxide scale and it increases in thickness as 
ageing progresses. There is also a third phase that can be found in the two Ta containing 
coatings which has a slightly different intensity within the image to the β and γ phases. 
This phase possesses very fine bright sub-micron precipitates. Spot EDX results showed 
that these areas are rich in Ni with moderate Co/Cr contents, a composition consistent 
with γ̕. A similar structure has been reported in the literature where γ̕ phase is present as 
very fine spherical precipitates of the order of 100 nm in diameter; and they were found 
distributed over an area of the γ matrix and were referred to as γ/γ̕ domains [12]. These 
results were obtained from a commercial Amdry 997 coating which is also a Ta 
containing alloy. The formation of this structure can be attributed to the addition of Ta, 
which is known to be a gamma prime former. 
All three coatings exhibit phase coarsening as the ageing time increases. IDZs form at the 
coating/substrate interface and after 100 hours ageing at 880°C, small bright particles are 
visible within the IDZs. After longer ageing times, secondary reaction zones with bright 
long particles form underneath the IDZs and increase in size as ageing time increases. 
In Figure  7-11 a series of backscattered electron images show the microstructural 
evolution of the three coatings aged at 1000°C. The microstructures at 1000°C can be 
seen to be significantly coarser than they were at 880°C. Images that were taken of the 
IDZs shown that bright phases are formed within the IDZs and a secondary reaction zone 
(SRZ) is also developed in the substrate underneath the IDZ after 100 hours ageing for all 
three coatings. The size of these IDZs and SRZs increase upon further ageing. Higher 
temperature ageing leads to phases coarsening and more inter-diffusion between the 
coating and substrate, hence the larger size of the IDZ. 
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Figure  7-10 Backscattered images showing the microstructure of the three coatings after 100, 1500 and 3000 hours ageing at 
880°C near the coating surface and IDZ. 
 
 
Figure  7-11 Backscattered images showing the microstructure of the three coatings after 100, 1500 and 3000 hours ageing at 
1000°C near the coating surface and IDZ.
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7.4.2 Oxide Scale Evolution as Functions of Ageing Temperatures and Time 
An oxide scale evolution study as a function of ageing temperatures and time has been 
carried out on all three coatings. The heat treatments that the coatings were subjected to are 
given in the Table  7-7. A set of coatings with a TBC were also heat treated under the same 
conditions, which allows the oxide scale evolution between coatings with and without the 
TBC top coat to be compared. 
Table  7-7 Heat treatment conditions of coatings that are investigated in the oxide scale evolution study. 
Temperature 
(°C) 
Time (hours) 
100 1500 3000 
880 ✓ ✓ ✓ 
1000 ✓ ✓ ✓ 
 
Elemental distribution maps were collected from all aged coatings in areas near the surface 
in order to characterise the oxide scales formed on the coating surfaces. Particular attention 
has been paid to the key elements: O, Al, Cr and Ni. Figure  7-12 shows examples of 
secondary electron images and elemental distribution maps collected from coating A in the 
vacuum treated condition and aged at 880°C for 100 and 3,000 hours. A continuous oxide 
scale has formed after the1 hour vacuum treatment at 1100°C. The oxide scale increases in 
thickness as the ageing time increases. Complex oxide regions appear from 1500 hours 
ageing onward (labelled with a red dash line box in Figure  7-12) and they are found to be 
rich in Ni, Al, Cr and Co by EDX. The number of these complex oxide regions was found to 
increase in number and size as ageing progresses. There is also increased depletion of the β 
phase as the thickness of the oxide scale increases. 
Quantitative oxide thickness measurement of coatings without the TBC aged at 880°C and 
1000°C for 100, 1500 and 3,000 hours are shown in Figure  7-13 (a). In general, oxide scale 
thicknesses formed on all three coatings increase with increasing ageing time and 
temperature. Coating A demonstrates a steady oxide scale growth rate at 880°C, starting 
from ~ 2 µm after 100 hours ageing and increases up to ~ 6.5 µm after 3,000 hours ageing. 
The ageing carried out at 1000°C results in significant oxide scale growth on coating A after 
100 hours ageing; the oxide scale growth rate then went on steady after 1500 hours ageing as 
demonstrated by the amount of oxide scale thickness increased between 1500 and 3,000 
hours ageing is less than that between 100 and 1500 hours. Coating B and C illustrate a 
similar oxide scale growth trend which is that the oxide scale thickness increases 
significantly in early ageing stage (between 100 and 1500 hours) at both 880 and 1000°C. 
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Only the oxide scale formed on coating A aged at 880°C demonstrates a gradual growth over 
3,000 hours ageing; the rest of the coatings aged at both temperatures all showed a 
significant increase in their oxide scale thicknesses up to 1500 hours ageing and then the 
growth rate slows down. Coating A always showed the lowest oxide scale thickness among 
all three coatings at all different ageing times and temperatures. The Ta addition within 
coating B and C is found to have an effect on forming a thicker oxide scale, especially at 
1000°C; however there is no evidence showing that various amount of Ta addition affect the 
oxide scale thicknesses differently. 
The oxide scale thicknesses of the coatings with a top layer TBC was also investigated as 
shown in Figure  7-13 (b). All three coatings have shown that the oxide scale thicknesses 
increased with an increasing ageing time and temperature. There was no significant 
difference between the oxide scales that formed on coating A with the TBC at different 
ageing time at 880°C. At 1000°C, the oxide thickness increased significantly with time. 
After longer ageing time, the thicknesses on coating A with TBC aged at 1000°C were found 
to be twice the values of that on the coating aged at 880°C. Coating B with a TBC illustrated 
a fast oxide growth rate up to 3,000 hours ageing at both temperatures. The oxide scale 
growth rate was found to be very slow on coating C with the TBC at 880°C. The oxide scale 
formed on coating C with TBC aged at 1000°C was found to increase significantly upon 
1500 hours ageing, and then TBC spallation was observed after 3,000 hours ageing. Coating 
A with the TBC always formed a thinner oxide scale amongst the three coatings. Ageing at 
1000°C promotes thicker oxide scale formation than ageing at 880°C, especially in the case 
of coating B with TBC. 
Results of this detailed study on the oxide scale evolution has shown that the TBC has very 
little effect on the oxide scale thicknesses after 100 hours ageing of all three coatings at both 
880 and 1000°C. After 1500 hours ageing, the oxide scale thickness on coating A with TBC 
was very similar to that on coating A without TBC. The addition of TBC on coating B 
demonstrated a thinner scale formation than coating B without TBC at 880°C; however, 
coating B without TBC showed a thinner scale at 1000°C. The addition of TBC on coating C 
did show a thinner oxide scale than those without TBC. All three coatings illustrated lower 
thicknesses with the addition of TBC after 3,000 hours at 880°C. Therefore, there was no 
clear trend of how the TBC affected the oxide scale development on these three coatings. 
Previous results have shown that the addition of TBC did affect the formation of oxide scale 
on the bond coat. These results were obtained from ex-serviced gas turbine components 
where air was blowing through cooling channels within the components; therefore there was 
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a thermal gradient between the surface and core of components. Results in this study were 
obtained from laboratory isothermally aged coated bulk samples, whereas no cooling effects 
during the heat treatment, hence the temperature of the whole coated system was the same. 
These experimental differences are likely the reason behind the different conclusions that 
were drawn on the effect of TBC on the formation of oxide scales. 
 
Figure  7-12 Secondary electron images and EDX derived elemental distribution maps of coating A in the 
vacuum treated condition and after 100 and 3000 hours ageing at 880°C with red dashed box labeling a 
complex oxide region. 
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(a) Coatings without TBC 
 
(b) Coatings with TBC 
Figure  7-13 Graphs showing the effects of ageing time and temperature on the oxide scale thicknesses in 
the three coatings (a) without TBC and (b) with TBC. 
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7.4.3 Microstructural Evolution at 880°C 
The microstructures of the three oxidation resistant coatings after 100, 1500 and 3,000 
hours ageing at 880°C are shown in a series of secondary electron images and elemental 
distribution maps illustrated in Figure  7-14, Figure  7-15, Figure  7-16, Figure  7-17, 
Figure  7-18 and Figure  7-19 respectively. 
The continuous layer of oxide scale formed on the coatings’ surface is found to be Al rich 
as shown in Al maps for all three coatings. Complex oxide regions are noted from 1500 
hours ageing onwards and elemental maps indicated they are rich in Ni, Al, Cr and Co. 
Bright particles were observed within the oxide scale formed on the coating C surface 
after 100 hours ageing. Ta distribution maps show that Ta is also segregated within the 
oxide scale. There is a thin band below the oxide scale, where the Al level is lower than 
other area within the bulk of coating. This region is also known as the outer beta 
depletion zone. As ageing time increases, the outer depletion zone increased with size as 
illustrated in Al distribution maps for all three coatings. 
The key elemental distribution maps suggested there are three phases present within the 
bulk of coating A: Al rich phase, Cr/Co rich phase and a third phase with extreme high 
concentration of Cr. This third phase is shown as the saturated spots within the Cr maps; 
and they are also found to have very low Ni content. Secondary electron images reveals 
there are at least three phases present within coating B after ageing: grey coating matrix 
and two bright phases with slightly different contrasts. Careful examination of key 
elemental distribution maps reveals there are at least three phases formed: Al rich phase, 
and two other phases with different Cr levels. Al, Cr and Ni distribution maps of coating 
C shows three phases are found and they are coating matrix rich in Al and Ni, second 
phase rich in Cr and a third phase with an extremely high level of Cr and low Ni. The 
bright phase presented within the coating C comprises sub-micron particles universally 
distributed within it. In addition, phase coarsening is observed upon ageing in all three 
coatings. 
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The IDZ at the coating and substrate interface can be observed for all three coating 
systems after 100 hours ageing, with the formation of big recrystallized grains and bright 
TCP phases. Elemental distribution maps reveal these TCP phases are Cr/Re rich and 
increase in number and size with ageing time. As ageing time increases, those TCP 
phases developed into different morphologies from small cubical to long thin needles or 
lumps. After 1500 and 3,000 hours ageing, an inner depletion zone is visible that is rich in 
Cr but with an absence of Ni and Al. Internal oxides are found along the coating/substrate 
interface. 
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Figure  7-14 Secondary electron images and EDX derived elemental distribution maps of coating A near surface after 100, 
1500 and 3000 hours ageing at 880°C. 
 
Figure  7-15 Secondary electron images and EDX derived elemental distribution maps of coating A near IDZ after 100, 
1500 and 3000 hours ageing at 880°C. 
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Figure  7-16 Secondary electron images and EDX derived elemental distribution maps of coating B near surface after 100, 
1500 and 3000 hours ageing at 880°C. 
 
 
Figure  7-17 Secondary electron images and EDX derived elemental distribution maps of coating B near IDZ after 100, 
1500 and 3000 hours ageing at 880°C. 
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Figure  7-18 Secondary electron images and EDX derived elemental distribution maps of coating C near surface after 100, 
1500 and 3000 hours ageing at 880°C. 
 
Figure  7-19 Secondary electron images and EDX derived elemental distribution maps of coating C near IDZ after 100, 
1500 and 3000 hours ageing at 880°C. 
 185 
 
Three phases were predicted to be present in the coating A at 880°C at the 
thermodynamic equilibrium condition and they are gamma (FCC_A1) phase, beta phase 
(B2_BCC) and sigma phase. Key element distributions in these three phases are plotted in 
Figure  7-20. Gamma phase is predicted with moderate levels of Co/Cr/Ni but contains 
very little Al. Beta phase is rich in Ni with moderate levels of Al and Co. Sigma phase is 
rich in Cr. 
 
Figure  7-20 An illustration of key elements distribution in phases of coating A at 880°C at the 
thermodynamic equilibrium. 
Spot EDX analysis results of the different phases in coating A are tabulated in Table  7-8. 
The chemical compositions of key elements within the three phases observed are well 
correlated with the thermodynamic calculation results. The bright phase found in the 
coating is suggested to be the sigma phase and the other phase is probably the gamma 
phase. 
Table  7-8 EDX analysed chemical compositions of phases within coating A. 
Possible Phase 
Key Elements (wt.%) 
Al Cr Co Ni W Re 
Coating Matrix (Grey) 18.4±1.3 9.5±2.6 14.0±0.9 57.8±3.2 - - 
Bright Phase 0.6±0.1 51.8±0.6 25.1±0.2 13.2±0.2 - - 
Less Bright Phase 14.1±4.0 17.8±8.0 19.5±4.4 47.5±9.3 - - 
Outer Depletion Zone 2.7±0.2 30.3±0.6 32.1±0.2 33.9±0.4 - - 
TCP phase 0.6±0.2 32.5±1.8 16.2±0.9 19.8±2.5 16.0±0.8 17.8±1.0 
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Chemical information from the outer depletion zone and bright TCP phase were also 
collected and listed in Table  7-8. The Al level within the outer depletion zone is very low 
compared with the coating matrix (gamma phase); this result is expected due to the 
formation of Al rich oxide scale upon ageing. Al diffuses outwardly to form oxide scale 
and prevent further oxidation of the coating. Both W and Re are found in the bright TCP 
phase, this is the result of inter-diffusion between coating and substrate. 
Three phases are predicted to be present in coating B at 880°C at the equilibrium 
condition and they are gamma prime phase, beta phase (B2_BCC) and sigma phase. Key 
element distributions of these three phases are plotted in Figure  7-21. Gamma prime 
phase is predicted to be rich in Ni but contains very little of other elements. Beta phase is 
rich in Ni with moderate levels of Al and Co. Sigma phase is rich in Cr. The 3.5 wt.% 
addition of Ta is distributed within gamma and beta phases. EDX analysis results of 
different phases in coating B are tabulated in Table  7-9. The chemical compositions of 
key elements within the three phases observed are well correlated with the 
thermodynamic calculation results. Coating matrix shows high Ni concentration as the 
beta phase predicted. The less bright phase found in the coating is rich in Cr and therefore 
it is suggested to be the sigma phase and the other phase is probably the gamma prime 
phase. 
 
Figure  7-21 An illustration of key elements distribution in phases of coating B at 880°C at the 
thermodynamic equilibrium. 
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Chemical information of outer depletion zone and bright TCP phase were also collected 
and listed in Table  7-9. The Al level within the outer depletion zone is very low compared 
with the coating matrix (gamma phase), this result is expected due to the formation of Al 
rich oxide scale upon ageing. Al diffuses outwardly to form oxide scale and prevent 
further oxidation of the coating. Both W and Re are found in the bright TCP phase, this is 
the result of inter-diffusion between coating and substrate. 
Table  7-9 EDX analysed chemical compositions of phases within coating B. 
Possible Phase 
Key Elements (wt.%) 
Al Cr Co Ni W Re Ta 
Outer Depletion Zone 1.8±0.8 39.7±11.5 32.4±1.9 23.7±9.0 - - 1.3±0.3 
Coating Matrix (Grey) 19.7±0.3 6.7±0.4 14.5±0.2 57.3±0.4 - - 1.4±0.6 
Bright Phase 8.6±0.2 4.4±0.1 13.6±0.1 57.2±0.2 - - 4.6±0.4 
Less Bright Phase 2.1±0.8 42.6±11.4 30.6±2.1 22.1±9.0 - - 1.7±0.6 
TCP phase - 19.9±2.1 17.9±3.2 - 10.8±1.4 6.9±3.0 - 
 
Three phases are predicted to be present in coating C at 880°C at the equilibrium 
condition and they are gamma prime phase, beta phase (B2_BCC) and sigma phase. Key 
element distributions in these three phases are plotted in Figure  7-22. Gamma prime 
phase is predicted with high level of Ni but contains very little of Cr. Beta phase is rich in 
Ni with moderate levels of Al and Co. Sigma phase is rich in Cr and Co. The 3.5 wt.% 
addition of Ta is predicted to distribute within the gamma prime and beta phases. EDX 
analysis results of different phases in coating C is tabulated in Table  7-10 . The chemical 
compositions of key elements within three phases observed are well correlated with the 
thermodynamic calculation results. Coating matrix showing high Ni concentration as the 
beta phase predicted. The bright phase found in the coating is suggested to be the sigma 
phase and the other phase is probably the gamma prime phase. 
Chemical information of the outer depletion zone and bright TCP phase are also collected 
and listed in Table  7-10. Al levels within the outer depletion zone is very low compared 
with the coating matrix (gamma phase), this result is expected due to the formation of Al 
rich oxide scale upon ageing. Al diffuses outwardly to form oxide scale and prevent 
further oxidation of the coating. Both W and Re are found in the bright TCP phase, this is 
the result of inter-diffusion between coating and substrate. 
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Figure  7-22 An illustration of key elements distribution in phases of coating C at 880°C at the 
thermodynamic equilibrium. 
Table  7-10 EDX analysed chemical compositions of phases within coating C. 
Possible Phase 
Key Elements (wt.%) 
Al Cr Co Ni W Re Ta 
Outer Depletion Zone 3.9±0.8 25.5±2.0 30.6±0.9 32.7±2.5 - - 3.1±0.7 
Coating Matrix (Grey) 19.2±0.3 5.8±0.3 17.1±0.3 56.9±0.4 - - 0.1±0.1 
γ/γ̕ Domain 4.7±0.2 18.4±1.0 29.5±1.0 40.9±1.1 - - 5.0±0.8 
Bright Phase - 73.2±16.3 13.0±11.7 8.2±3.5 - - - 
Less Bright Phase 7.8±0.2 5.0±0.8 16.1±0.5 54.1±0.9 - - 14.8±0.7 
TCP phase - 24.7±11.3 18.4±2.3 18.8±5.9 20.6±9.4 16.5±1.3 - 
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7.4.4 Microstructural Evolution at 1000°C 
A series of secondary electron images and elemental distribution maps showing the 
chemical information of the oxide scale and chemical distribution within the bulk of 
coating (Figure  7-23, Figure  7-25, Figure  7-27) and near the coating/substrate interface 
(Figure  7-24, Figure  7-26 and Figure  7-28) of coating A, B and C, after 100, 1500 and 
3,000 hours ageing at 1000°C. 
All three coatings formed continuous oxide scale after 100 hours ageing. Al distribution 
maps indicated that this oxide scale is Al oxide. However, bright particles are observed 
within the continuous oxide scale formed on coating C and they are well correlated with 
the Ta distribution map. An outer depletion zone is found underneath the oxide scale in 
all three coatings. SE images and the Al distribution maps reveal this zone forming after 
100 hours ageing at 1000°C and increases in thickness as the ageing time increases. Cr 
and Co are found to be rich within this depletion zone but with absent Al. 
Careful examination of the Al, Cr and Ni maps (Figure  7-23) showed that three phases 
are found in coating A and they are coating matrix rich in Al and Ni, second phase rich in 
Cr and a third phase with extremely high level of Cr and low Ni. There are three phases 
visible in those key elemental distribution (Figure  7-25) maps of the coating B after 100 
hours ageing; and they are Al/Ni rich phase, a second phase with high Cr level and a third 
phase with an extremely high level of Cr and a very low level of Ni. After a longer time 
ageing, bright particles are found universally distributed within the bulk of coating B. 
There are only two phases visible in those key elemental distribution maps (Figure  7-27) 
of coating C after ageing; and they are Al/Ni rich phase, a second phase with high Cr 
level. After a longer time of ageing, phases are found to be coarsening and outward 
diffusion of Cr and Co is also indicated. 
An IDZ is found in all three coatings, at the coating/substrate interface from 100 hours 
ageing onwards with big recrystallised grains and the thickness increases upon ageing. SE 
images (Figure  7-24, Figure  7-26 and Figure  7-28) illustrate that there are two phases co-
existing (bright phase and dark matrix) within the IDZ. Cr and Ni distribution maps 
reveal that the bright phase is Cr-rich and the matrix is rich in Ni. There are bright long 
thin particles observed underneath the IDZ and elemental distribution maps reveal they 
are Cr/Re/W rich and increase in number and size with ageing time. 
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Figure  7-23 Secondary electron images and EDX derived elemental distribution maps of coating A near surface after 100, 
1500 and 3000 hours ageing at 1000°C. 
 
 
Figure  7-24 Secondary electron images and EDX derived elemental distribution maps of coating A near IDZ after 100, 
1500 and 3000 hours ageing at 1000°C. 
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Figure  7-25 Secondary electron images and EDX derived elemental distribution maps of coating B near surface after 100, 
1500 and 3000 hours ageing at 1000°C. 
 
 
Figure  7-26 Secondary electron images and EDX derived elemental distribution maps of coating B near IDZ after 100, 
1500 and 3000 hours ageing at 1000°C. 
 192 
 
 
Figure  7-27 Secondary electron images and EDX derived elemental distribution maps of coating C near surface after 100, 
1500 and 3000 hours ageing at 1000°C. 
 
Figure  7-28 Secondary images and EDX derived elemental distribution maps of coating C near IDZ after 100, 1500 and 
3000 hours ageing at 1000°C. 
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Three phases are predicted to be present in the coating A at 1000°C at the equilibrium 
condition and they are gamma (FCC_A1) phase, beta phase (B2_BCC) and sigma phase. 
Key element distributions in these three phases are plotted in Figure  7-29. Gamma phase 
is predicted with moderate levels of Co/Cr/Ni but contains very little Al. Beta phase is 
rich in Ni with moderate levels of Al and Co. Sigma phase is rich in Cr. EDX analysis 
results of different phases in coating A is tabulated in Table  7-11. The chemical 
compositions of key elements within three phases observed are well correlated with the 
thermodynamic calculation results. The coating matrix shows high Ni concentration as 
the beta phase predicted. The bright phase found in the coating is suggested to be the 
sigma phase and the other phase is probably the gamma phase. 
 
Figure  7-29 An illustration of key elements distribution predicted in phases of coating A at 1000°C at the 
thermodynamic equilibrium. 
Chemical information of the outer depletion zone and different phases and particles 
within the IDZ are also collected and listed in Table  7-11. Al level within the outer 
depletion zone is very low compared with the coating matrix (gamma phase), this result is 
expected due to the formation of Al rich oxide scale upon ageing. Al diffuses outwardly 
to form oxide scale and prevent further oxidation of the coating. IDZ matrix is found to 
be Ni rich and the bright phase is Cr rich; which are consistent with the elemental 
distribution map in Figure  7-24. Bright particles that observed underneath the IDZ are 
found to be rich in W/Re/Cr, this is the result of inter-diffusion between coating and 
substrate.  
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Table  7-11 EDX analysed chemical compositions of phases within coating A aged at 1000°C. 
Possible Phase 
Key Elements (wt.%) 
Al Cr Co Ni W Ta Re 
Outer Depletion Zone 4.4±1.5 31.1±2.7 27.6±1.6 36.0±2.9 - - - 
Coating Matrix (Grey) 16.5±1.6 12.9±3.0 16.3±1.7 53.8±3.2 - - - 
Bright Phase 7.2±1.2 28.1±5.7 24.1±2.0 39.2±5.6 - - - 
Less Bright Phase 13.6±3.6 17.3±5.6 19.2±3.4 48.9±5.6 - -  
IDZ grey matrix 16.0±1.0 11.3±4.2 12.6±0.8 52.5±5.3 2.4±0.9 4.2±0.5 0.5±0.6 
IDZ bright phase 1.1±0.3 40.8±2.6 19.2±0.5 15.4±2.8 13.6±0.8 0.6±0.2 8.2±0.1 
SRZ matrix 7.3±0.7 8.3±2.1 12.9±1.4 56.7±3.2 5.8±0.9 6.8±0.9 1.1±0.4 
SRZ bright phase 5.3±1.8 13.5±8.6 12.7±1.8 40.4±14.2 15.5±7.0 4.2±2.4 6.9±4.1 
Substrate 6.0±0.4 6.5±1.0 9.4±0.7 57.7±1.5 10.0±0.9 6.0±1.4 3.0±1.1 
 
Three phases are predicted to be present in coating B at 1000°C at the equilibrium 
condition and they are gamma (FCC_A1) phase, beta phase (B2_BCC) and sigma phase. 
Key elements distribution in these three phases is plotted in Figure  7-30. Gamma phase is 
predicted with moderate levels of Co/Cr/Ni but contains very little Al. Beta phase is rich 
in Ni with moderate levels of Al and Co. Sigma phase is rich in Cr. EDX analysis results 
of different phases in coating B are tabulated in Table  7-12. The chemical compositions 
of key elements within three phases observed are well correlated with the thermodynamic 
calculation results. The coating matrix shows high Ni concentration as the beta phase 
predicted. Bright phase found in the coating is suggested to be the sigma phase and the 
other phase is probably the gamma phase. 
Chemical information of outer depletion zone and different phases and particles within 
the IDZ are also collected and listed in Table  7-12. Al level within the outer depletion 
zone is very low compare with the coating matrix (gamma phase), this result is expected 
due to the formation of Al rich oxide scale upon ageing. Al diffuses outwardly to form 
oxide scale and prevent further oxidation of the coating. IDZ matrix is found to be Ni rich 
and the bright phase is Cr rich; which are consistent with the elemental distribution map 
in Figure  7-26. Bright particles that observed underneath the IDZ are found to be rich in 
W/Re/Cr, this is the result of inter-diffusion between coating and substrate. 
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Figure  7-30 An illustration of key elements distribution in phases of coating B at 1000°C at the 
thermodynamic equilibrium. 
Table  7-12 EDX analysed chemical compositions of phases within coating B aged at 1000°C. 
Possible Phase 
Key Elements (wt.%) 
Al Cr Co Ni Ta W Re 
Outer Depletion Zone 4.0±1.4 29.1±1.4 27.8±0.7 34.3±0.6 3.6±0.3 - - 
Coating Matrix (Grey) 13.3±4.9 16.3±6.8 19.2±4.6 46.4±6.6 3.8±0.4 - - 
Less Bright Phase 7.9±0.2 5.6±0.4 12.5±0.1 56.8±0.7 14.9±0.2 - - 
Bright Phase 3.5±0.2 27.1±0.5 25.7±0.2 36.6±0.5 4.3±0.5 2.1±0.1 0.1±0.1 
IDZ dark grey 15.4±0.9 9.7±1.6 13.6±0.4 53.8±1.8 4.9±0.8 1.6±0.3 0.2±0.1 
IDZ bright 2.4±2.3 32.4±13.5 18.4±2.5 25.9±15.4 4.8±4.5 9.1±4.1 5.6±3.4 
SRZ matrix 7.3±0.9 6.7±3.7 12.0±1.8 58.4±4.2 9.0±1.4 4.5±1.2 0.3±0.4 
SRZ bright 1.7±0.7 23.6±7.8 13.4±1.3 22.8±8.5 2.2±1.6 21.3±8.4 13.4±2.6 
Substrate 5.5±0.7 8.8±1.5 10.9±0.8 56.2±2.1 5.5±0.8 8.3±0.7 3.3±0.8 
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Figure  7-31 An illustration of key elements distribution in phases of coating C at 1000°C at the 
thermodynamic equilibrium. 
Three phases are predicted to be present in the coating C at 1000°C at the equilibrium 
condition and they are gamma prime, gamma (FCC_A1) phase and beta phase 
(B2_BCC). Key element distribution in these three phases is plotted in Figure  7-31. Ni is 
predicted to be present within all three phases but the beta phase comprises the highest 
level of Ni among three phases. Other elements such as Al, Co and Cr are found higher in 
the gamma phase than that in the gamma prime phase. EDX analysis results of different 
phases in coating C are tabulated in Table  7-13. The chemical compositions of key 
elements within three phases observed are different with the thermodynamic calculation 
results. The coating matrix shows high Ni concentration as the beta phase predicted. The 
Cr distribution map only can indicate the existent of the gamma phase not the gamma 
prime phase, which only has a very low Cr content. 
Chemical information of outer depletion zone and different phases and particles within 
the IDZ are also collected and listed in Table  7-13. Al level within the outer depletion 
zone is very low compared with the coating matrix (gamma phase), this result is expected 
due to the formation of Al rich oxide scale upon ageing. Al diffuses outwardly to form 
oxide scale and prevent further oxidation of the coating. IDZ matrix is found to be Ni rich 
and the bright phase is Cr rich; which are consistent with the elemental distribution map 
in Figure  7-31. Bright particles that observed underneath the IDZ are found to be rich in 
W/Re/Cr, this is the result of inter-diffusion between coating and substrate. 
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Table  7-13 EDX analysed chemical compositions of phases within coating C aged at 1000°C. 
Possible Phase 
Key Elements (wt.%) 
Al Cr Co Ni Ta W Re 
Outer Depletion Zone 3.9±0.2 23.3±0.4 31.1±0.3 37.6±0.3 2.9±0.4 - - 
Coating Matrix (Grey) 17.2±0.3 7.2±0.4 17.2±0.2 55.1±0.9 2.3±0.8 - - 
Bright Phase 7.4±0.2 5.3±1.3 17.2±0.9 53.1±1.2 15.1±0.8 2.3±0.6 - 
Less Bright Phase 4.3±0.1 21.8±0.6 30.0±0.4 39.3±0.8 3.2±0.1 - - 
IDZ matrix 6.7±1.2 11.0±8.1 18.3±6.8 50.4±10.3 7.1±3.5 4.7±0.9 0.7±0.8 
SRZ grey 4.5±0.5 17.0±2.5 22.7±2.0 43.6±3.0 4.7±1.0 4.9±0.6 1.8±0.4 
SRZ matrix 7.8±0.2 4.2±0.3 13.7±0.7 57.7±0.8 10.8±0.8 4.2±0.7 0.1±0.1 
SRZ bright 1.2±0.6 17.4±7.8 14.5±1.0 17.7±6.0 3.4±2.7 24.7±8.1 19.7±3.4 
Substrate 6.4±0.9 6.6±1.9 9.9±1.1 59.2±3.1 7.0±0.7 7.0±0.6 2.3±0.9 
 198 
 
7.5 Comparison of Experimental Results and Diffusion Simulations 
 
Figure  7-32 A typical SE image with marks illustrating the positions of chemical data collected across 
the coated systems. 
A systematic EDX spot analysis was carried out for each coating and the dataset obtained 
was used to generate chemical profiles across the coated systems. Figure  7-32 
demonstrates where the chemical data were collected across the coated systems; a 15×15 
spot matrix is marked with blue crosses in the image and chemical data is collected from 
each point in sequent. After the full dataset was obtained, by taking the average of each 
row of spectra, a chemical profile across the coated system can be plotted as presented in 
Figure  7-33. 
 
Figure  7-33 A plot illustrates chemical profile across coating B after 100 hours ageing at 880°C. 
A multicomponent diffusion model [11] was used for the prediction of microstructural 
evolution in three designed coated systems. The key simulation outputs are chemical and 
phase profiles across the coated systems as illustrated in Figure  7-34. The chemical 
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profiles are used to compare with the EDX spots matrix dataset of each designed coatings 
examined in this project. An extensive study of experimental observations on Amdry 997 
coated CMSX4 systems was carried out previously by S. Ogden [3,86] and a comparison 
between predictions of the coupled thermodynamic and kinetic diffusion based model and 
experimental data was also made, in order to validate the model. The results have shown 
a good agreement between the model and the experimental observation. 
 
(a) 
 
(b) 
Figure  7-34 Example outputs of multicomponent diffusion model simulation showing (a) chemical 
profile and (b) phase profile across the coating B after 100 hours ageing at 880°C. 
In general, the chemical profiles obtained from the EDX matrix collected from the 
coatings are well correlated with the simulation results as presented in Figure  7-35. 
However, the experimental dataset showed a higher Al level at the coating surface than 
that in the simulation results. This is because EDX spot data were collected from the Al 
rich oxide scale rather than the beta depletion zone. Simulated chemical profile across the 
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coating is smooth compare to the experimental dataset. The experimental profile is 
plotted according to the EDX spot data and the chemical information were collected from 
15 spots uniformly distributed across from the coating surface into the substrate, which is 
over 220 µm. Therefore there are deviations between the spots which cause the peaks of 
the chemical profile. 
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(a)  
 
(c)  
 
(e)  
 
(b) 
 
(d)  
 
(f)  
Figure  7-35 Illustration of a comparison between chemical profiles across three coatings after 100 hours ageing at 1000°C collected from (a, c and e)EDX matrix and 
(b, d and f) simulation results. 
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By careful examination of these chemical profiles, the IDZ formed in the coating B and C 
systems are found to be bigger in size than that formed in Coating A at the same ageing 
conditions. Ageing at higher temperature (1000°C) promotes more inter diffusion between 
coatings and the substrates. All three coatings after 3,000 hours ageing at both temperatures 
show a Cr peak at the original coating/substrate interface. This Cr peak is consistent with the 
Cr-rich inner depletion zone observed in elemental distribution maps of these coatings near 
their IDZ areas. 
Table  7-14 A summary of phases distributions predicted within the bulk of coatings. 
Coating Temperature/°C Ageing Time/hours Phase Predicted in the Bulk of Coating 
A 880 2000 60 wt.% β 20 wt.% γ 20 wt.% σ 
  5000 < 50 wt.% β < 40 wt.% γ 10 wt.% σ 
  10,000 < 40 wt.% β  50 wt.% γ <10 wt.% σ and γʹ 
 1000 2000 20 wt.% β and γʹ 80 wt.% γ  
  5000 60 wt.% β 20 wt.% γ 20 wt.% σ 
  10,000  70 wt.% γ 30 wt.% γʹ 
B 880 2000 50 wt.% β 30 wt.% σ <20 wt.% γʹ 
  5000 30 wt.% β  <40 wt.% γʹ < 30 wt.% σ 
  10,000 20 wt.% β and γ  20 wt.% σ  60 wt.% γʹ 
 1000 2000 20 wt.% β  60 wt.% γ 20 wt.% γʹ 
  5000  60 wt.% γ 40 wt.% γʹ 
  10,000  65 wt.% γ 35 wt.% γʹ 
C 880 2000 < 40 wt.% β <50 wt.% γʹ 10 wt.% σ and γ 
  5000 < 20 wt.% σ and β  < 20 wt.% γ  <60 wt.% γʹ 
  10,000  70 wt.% γ 30 wt.% γʹ 
 1000 2000  60 wt.% γ 40 wt.% γʹ 
  5000  65 wt.% γ 35 wt.% γʹ 
  10,000  70 wt.% γ 30 wt.% γʹ 
 
Phase profile simulation results are also examined and Table  7-14 summarises the predicted 
phase distributions within all three coatings after 2000/5000/10,000 hour’s simulations at 
both 880 and 1000°C. It has been predicted that the depletion of the beta phase is continuous 
with ageing up to 10,000 hours at 880°C; whereas at 1000°C, only γ/γʹ phases were predicted 
to present in the bulk of coating after 10,000 hours. The phase distributions within coating B 
was predicted to be similar to that within coating A at 880°C, but the depletion of beta phase 
within coating B at 1000°C is predicted to be faster than coating A, hence there is no beta 
phase left in the coating B upon 5000 hours. Beta phase was predicted to only occurr within 
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coating C up to 5000 hours at 880°C, and coating C only possesses a γ/γʹ microstructure at 
1000°C after 2000 hours. 
A set of EBSD phase maps were collected across the three coatings after 3,000 hours ageing 
at both 880 and 1000°C and are presented in Figure  7-36. All coatings demonstrate the 
presence of beta phase after 3,000 hours ageing at both temperatures. Both phases (γ and β) 
are coarsened within those coatings aged at higher temperatures as illustrated in Figure  7-36 
b, d and f. The phase fractions of γ and β within these samples were plotted as pie charts in 
Figure  7-37. In general, beta phase depletion is continuous after 3,000 hours ageing in all 
three coatings at both temperatures. Higher temperature ageing results in faster β phase 
depletion in the coatings, which leads to a lower amount of β phase remaining within the 
bulk of coating. These phase fractions are in broad agreement with the predictions of the 
major phases occurring within the three designed coatings. However, experimental 
observations have shown a slower β depletion rate than simulation predictions, particularly at 
higher temperatures. This difference is mainly a result of the assumption about the diffusion 
within the coating that has been made: it was assumed that the diffusion can take place 
across the whole coating cross section. In reality, the coating is not a monocrystal material, 
which contains defects during coating spraying process. Alumina particles and/voids are 
forming at the coating splats boundaries, and these defects act as a diffusion barrier and 
reduce available cross-sections for diffusion. Therefore, the diffusion predicted in the model 
is actually faster than observed in real life coatings. In addition, diffusion is temperature 
dependent and a higher diffusion rate is expected at higher temperature, also the effect of the 
defects on diffusion rate within the coating will be amplified. 
The beta phase level within the coating is commonly used to estimate the service life of 
coatings. All three coatings have shown there are enough beta phases left after 3,000 hours 
ageing at both 880 and 1000°C. This result suggested that there is a good potential in these 
three designed coatings to work as oxidation resistant coatings. Although the predictions 
show there will not be enough beta phase remaining in the coating C after 10,000 hours 
ageing at 1000°C, it should be noted that the beta phase also depletes really quickly at 
1000°C for most of the commercially used coatings. Amdry 997 coating is a current 
commercial coating, which is used in gas turbine blades in powder generation plant. A 
detailed microstructural investigation has been undertaken [11] on Amdry 997 coated 
CMSX4 systems and from the previous results from ageing at 850°C, the beta phase is still 
present in the bulk of coating after 10,000 hours ageing, whereas there is no beta phase left 
after 10,000 hours ageing at 1050°C. Therefore, coating C is still promising as a coating for 
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turbine blades. Further work is still required to evaluate it’s potential service performance 
and suggestions are given in Chapter 8.2 Further Work. 
 
 
 
(a) 
 
(b) 
 
(c) 
 
(d) 
 
(e) 
 
(f) 
Figure  7-36 EBSD phase maps showing the γ phase (red) and β phase (green) across the coated systems of 
(a-b) coating A,(c-d) coating B and (e-f) coating C after 3000 hours ageing at 880 and 1000°C respectively
Bulk of coating IDZ Outer β depletion zone 
 205 
 
880°C 1000°C 
  
  
  
Figure  7-37 Pie charts illustrate the γ phase (red) and β phase (green) distributions within three coatings 
after 3000 hours ageing at 880 and 1000°C. 
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7.6 Summary 
A detailed microstructural evolution characterisation on three oxidation resistant MCrAlX 
coating powders has been carried out and compared with a current commercial coating 
powder (Praxair powders). It has been found that the three designed oxidation resistant 
coatings powders demonstrate a similar microstructure to that within the Praxair powders. 
The chemistry and types of phases found within these coating powders are consistent with 
thermodynamic calculations. 
An extensive study of the detailed microstructural characterisation has been undertaken 
on these coatings in the as-received condition, in addition to pre-service vacuum heat 
treatment and isothermal ageing conditions. The one hour pre-service vacuum heat 
treatment is found to help homogenise the coating microstructures and also promotes the 
formation of IDZ at the coating and substrate interface. In general, an oxide scale, an 
outer beta depletion zone and IDZ are gradually formed upon ageing and increase in size 
as the ageing time/temperature increase. The oxide scale thicknesses of all coated systems 
(with and without TBC) have been measured and analysed. There was no correlation 
between the oxide scale thickness with the addition of TBC. However, after 3,000 hours 
ageing at 1000°C, the TBC was found to spall off from the coating C which contains 6 
wt.% of Ta. The chemistry distribution and phases present within these coated systems 
have been shown to be in good general agreement with the multi-component diffusion 
model simulations. A current commercial coating has been used as the benchmark, to 
compare with experimental observations, in order to validate the potential of the three 
designed coatings in real life application. Results have suggested that all three coatings 
show good performance at 800°C upon 3,000 hours isothermal ageing. However, further 
work is required to investigate the three coatings at other temperatures, e.g. 950°C, and at 
longer term ageing conditions. Coating C appears to be the worst of the three coatings in 
respect of the spallation observed, and therefore future effort should perhaps be 
concentrated on coating A and B, which will also be cheaper to manufacture than coating 
C with its high Ta content. 
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8.1 Conclusions 
An extensive study of microstructural evolution of commercial coatings was carried out 
on the as-manufactured coating powder particles, as-sprayed coating particles and fully 
processed free-standing coatings. Both Amdry powders and Praxair powders were 
observed to have a bimodal type particle size distribution. The measured average 
compositions of the various as-manufactured powders were very similar to their nominal 
compositions. It was found that the as-manufactured powder particles demonstrate 
dendritic structures near the surface. In order to investigate the coating deposition process, 
powder particles were sprayed onto the substrate with different degrees of deformation 
and dendritic structures were only observed on the barely deformed particle surface. The 
average grain size within these differently deformed particles decreased as the powder 
particle deformation degree increases. 
Y was found at the outer surface and internal boundaries within the powder particles both 
before and after the spraying process. After the coating deposition process, a 
discontinuous mixed oxide layer was formed with a layer of yttria on top of it. There is a 
hint of yttria segregation as discrete particles rather than an yttria layer on the internal 
boundaries. There are two types of phases present in the as-deposited coatings, with one 
Al-rich and the other with a lower Al level. Their diffraction patterns suggested that they 
are the β and γ phase respectively, which is consistent with the thermodynamic prediction. 
Vacuum ageing homogenises the microstructure within the as-sprayed coating, and the 
phases start coarsening upon further ageing in the air and a β depletion zone formed 
beneath the coating surface after a short term air ageing. 
A set of six coatings with very similar compositions sprayed either by LPPS or HVOF 
methods have been examined in three different ageing conditions: the as-received 
condition, after short and long term ageing at high temperature. The general 
microstructure and oxide scale evolution as a function of ageing was studied including a 
detailed investigation of the Y-containing particles distribution as function of ageing time 
and spraying methods. 
CHAPTER 8. CONCLUSIONS AND FURTHER WORK 
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A general trend of microstructure evolution upon ageing was observed for both LPPS and 
HVOF sprayed coatings. Both types of as-sprayed coatings show a fine structures with 
very limited or no evidence of oxide scale formation and phase coarsening. The HVOF 
as-sprayed coating contained a lot of poorly melted particles, and pores were found 
around the splats enriched in Y and O. The pre-service treatment carried out after the 
LPPS spraying process decreased the porosity level of the coating and promoted a fine 
grain structure across the coating. Upon ageing, the grain size and IDZ were much bigger 
in the long-term aged HVOF coating than in the LPPS coating. A protective alumina 
scale started to form continuously for both LPPS and HVOF sprayed coatings after short-
term ageing. These oxide scales grew in thickness upon further ageing and spinel-type 
structures were observed within the scales after long-term ageing. 
Y was found to diffuse both outwards to the sub-surface and into the oxide scale, and into 
the IDZ area. It was typically associated with O, even in the as-sprayed coating. After 
ageing, Y-containing particles were found to grow and merge together in the sub-surface 
area whereas they only grew in size, rather than coalescing in the IDZ area. However, 
there were a few differences between the particles found in the LPPS and HVOF sprayed 
coatings including the particle morphology, distribution and their nature of phase. Y-
containing particles were found mainly in the form of Y oxide (Y2O3) within all of the 
coating conditions, although there were some evidences for yttrium aluminium garnet and 
metallic Y being present. 
A detailed microstructural evolution characterisation on three oxidation resistant MCrAlX 
coating powders which have been designed as part of this research programme has been 
carried out and compared with a current commercial coating powder (a Praxair powder). 
It was found that the three designed oxidation resistant coatings powders demonstrate a 
similar microstructure to that within the commercial powders. The nature of the phases 
and their chemistries found within these coating powders were consistent with 
thermodynamic calculations performed. 
An extensive study of the detailed microstructural characterisation has been undertaken 
on these designed coatings in the as-received condition, in addition to pre-service vacuum 
heat treatment and isothermal ageing conditions. The one hour pre-service vacuum heat 
treatment was found to help homogenise the coatings’ microstructures and promote the 
formation of an IDZ at the coating and substrate interface. In general, an oxide scale, 
outer beta depletion zone and IDZ were gradually formed upon ageing and increased in 
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size as the ageing time/temperature increased. The oxide scale thicknesses of all coated 
systems (with and without TBC) have been measured and analysed. No clear correlations 
were observed between the oxide scale thicknesses with the addition of TBC. However, 
after 3,000 hours ageing at 1000°C, the TBC was found spall off from the coating C that 
contains 6 wt.% of Ta. The chemistry distribution and phases present within these coated 
systems have been shown to be consistent with the multi-component diffusion model 
simulations. A current commercial coating (Amdry 997) is used as the benchmark, to 
compare with experimental observations, in order to validate the potential of the three 
designed coatings in real life application. Results suggested that coating A and B retain a 
moderate amount of the beta phases after 10,000 hours ageing at 880°C and that these 
two coatings are promising for industrial applications. 
8.2 Further Work 
The effectiveness of the LPPS and HVOF spraying methods have been investigated in 
terms of microstructural evolution upon ageing, with particular interest paid to the 
distribution of Y-containing particles and the differences observed as a function of 
spraying method. In order to determine whether these two processing routes will result in 
coatings which perform similarly in service, it is suggested that future investigation 
should focus on the thermal and mechanical properties for identical systems prepared in 
as similar manner as possible. 
Three designed coatings showed a good performance up to 3,000 hours isothermal ageing 
in laboratory furnaces, especially at 880°C. However, experimental characterisation of 
longer ageing time samples is still required in order to determine the potential of these 
coatings for application onto gas turbine blades. Within this project, coatings have only 
been isothermally aged at 880 and 1000°C and therefore, it will be worth investigating 
these coatings at an intermediate temperature, e.g. 950°C, which is known to be close to 
the service temperature of current oxidation resistant coatings. In addition, it is important 
to undertake testing under thermal cycling conditions rather than simply isothermal 
ageing in order to fully assess coating behaviour under more realistic operating conditions. 
During this project, only the oxide scale formed was characterised in detailed for the 
coatings with an applied TBC, and therefore it is worth fully investigating the complete 
microstructural evolution of these TBC coated systems and to compare them to the ones 
manufactured as an environmental coating without a TBC. More importantly, a small 
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scaled trial based on the newly designed coated systems in an industrial environment is 
necessary; in order to further determine the likely success of these coatings when 
deployed in a gas turbine. One possibility might be to initially test them applied to heat 
shield tiles, which remain static in service and can withstand a degree of failure without 
jeopardising engine performance. 
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